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N-heterocyclic carbenes (NHCs) have undergone rapid development in recent years. 
Due to their strong a-electron donation and structural variability properties, NHCs are 
becoming a major class of ligands in organometallic chemistry. 
Compared with the other two types of NHCs (imidazolylidenes and 
imidazolinylidenes), benzimidazolylidenes have not been well represented. Limited 
synthetic approaches may impede the development ofbenzimidazolylidenes. 
This thesis is focused on the synthesis of phenanthroline-derived benzimidazolylidene 
ligands and their metal complexes. A series of benzimidazolylidene-iridium complexes 
were synthesized and characterized spectroscopically and crystallographic ally. All of the 
new complexes showed varying degrees of catalytic activity and enantioselectivity toward 
transfer hydrogenation and asymmetric hydrogenation. The best results were achieved in 
hydrogenation of methyl-2-acetamidoacrylate, which afforded 
(-)-(R)-methyl-2-acetamidopropanoate in 97% yield and 81 % ee. 
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1. Introduction 
1.1 Types of NHCs 
Carbenes are defined as neutral carbon species containing a carbon atom with six 
valence electrons. 1,2 N-Heterocyclic carbenes (NHCs), with the carbene being 
incorporated in a nitrogen-containing heterocyclic ring, are major members of carbene 
families.3 According to the ring size, four-,4 five-, six),6 and seyen-7 membered NHCs 
have been reported and the majority are based on five-membered ring systems, especially 
with an imidazoline framework. Depending on the saturation degree of the backbone, 
NHCs with an imidazoline framework can be classified into three general types (Figure 
1): (a) saturated imidazolinylidenes (A), (b) unsaturated imidazolylidenes (B), and (c) 
benzimidazolylidenes (C).8,9 
imidazolinylidene imidazolylidene benzimidazolylidene 
A B c 
Figure 1. Examples ofNHCs with imidazoline framework. 
Saturated imidazolinylidenes and unsaturated imidazolylidenes are the most 
extensively examined NHCs and a large number of them have been employed 
successfully in organometallic transformations, notably in C-C and C-N bond forming 
reactions. However, compared with imidazolinylidenes and imidazolylidenes, 
benzimidazolylidenes have not been well represented. Limited synthetic approaches may 
have impeded the development of chiral benzimidazolylidenes.8 
1.2 The Properties of NHCs 
1.2.1 Electronic Properties 
NHCs can form strong metal-carbon bonds through a-electron donation from a filled 
Sp2 orbital of the carbenoid carbon atom. The adjacent nitrogen donates its p orbitallon~ 
pair electrons into the empty p orbital of the carbon, helping to reduce the carbene 
electron deficiency. In addition, the carbene is also stabilized by the inductive effect of 
the adjacent electronegative nitrogen atoms. lO As a result, NHCs have good nucleophilic 
and little electrophilic properties. Compared with the commonly used phosphine ligands, 
NHCs often have better thermal stability and resist dissociation from the metallic center. ll 
For the NHC-metal complexes used to catalyze the reactions, many reports have 
shown that changing the electronic properties ofNHCs significantly affects the activity of 
the catalysts. For example, unsaturated imidazolylidenes were often used as ligands in 
ruthenium-catalyzed olefin metathesis reactions, but incorporation of saturated 
imidazolinylidenes into the ruthenium catalysts (for example, complex 29) can result in 
2 
h h· hi· ... 12 13 I h b muc Ig er cata ytIC actIvItIes.' t as een suggested that this is due to the increased 
basicity of the ligand systems.13 
Some methods have been applied to measure the electronic properties of NHCs 
since they have been shown to greatly influence catalysts' activities. One protocol was 
designed to measure or calculate the pKa values of the corresponding NHCs. Alder 
reported that the pKa of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene in DMSO-d6 
was 24.0.14 Kim measured the pKa of 1,3-di-tert-butylimidazol-2-ylidene in DMSO as 
22.7.15 In 2004, Yates calculated the absolute and relative pKa values of different 
nucleophilic carbenes usmg computational methods. 16 For the substituted 
imidazolylidenes, pKa values range from 16.1 to 24.5 in DMSO, while values in CH3CN 
are determined to be between 27.4 to 35.8. Table I shows that carbene Ie has lower 
basicity because of the electron withdrawing nature of the chlorines at the 4 and 5 
positions of the imidazole ring. The electron-withdrawing inductive effects of aryl rings 
also dramatically reduce the pKa, as evidenced by carbenes 19 and lh. Compared to la 
(21.1 in DMSO), the saturated carbene 2 exhibits a slightly higher pKa (22.3 in DMSO). 
3 
Table 1. Average pKa for Carbenes in DMSO and CH3CN. 
dimethylsulfoxide acetonitrile 
carbene pKa pKa 
la 21.1±O.23 32.4±O.22 
Ib 23.7±O.21 34.9±O.21 
Ie 16.2±O.1O 27.4±O.IO 
Id 22.0±O.21 33.3±O.21 
Ie 22.6±O.O9 33.9±O.O9 
If 24.5±O.15 35.8±O.14 
Ig 16.l±O.O5 27.4±O.O7 
Ih 16.8±O.O9 28.2±O.12 
2 22.3±O.25 33.6±O.25 
R' R' 1a R=Me, R'=H 1b R=Me, R'=Me 1c R=Me, R'=CI 
'r=< 1d R=i-Pr, R=H 1e R=t-Bu, R'=H 1f R=i-Pr, R'=Me 
R-N'-,/N-R 19 R=Ph, R'=H 1h R=2,6-Xyl, R'=H 2 R=Me, R'=H 
1a-h 
Though pKa values can provide a rough estimation for an NHC's a-donor 
characteristics, the most widely accepted methodology for the estimation ofNHC ligands 
is the IR spectroscopic analysis of the CO stretching frequencies in the corresponding 
[(NHC)M(CO)2CI] (M=Ir, Rh,) complexes. 17,18 a-Donor NHCs lead to an increased 
electron density on the metal center that causes stronger back-bonding from the transition 
metal to the 1t * orbital of the CO ligands and thus a weakening of the C-O bond which can 
be detected by IR spectroscopy. Therefore, a very basic NHC ligand should result in a 
relatively low wavenumber value for C-O bond (Table 2).19-21 
4 
Table 2. Averge Vav(CO) of (L)-Ir(CO)2Cl measured in CH2Ch. 
entry ligand vav(CO) (cm-1) 
1 PPh3 2044.0 
2 PCY3 2028.0 
3 SIPr 2024.9 
4 SIMes 2024.6 
5 IPr 2023.9 
6 IMes 2023.1 
7 ICy 2023.0 
4t:)-iJ-- / \ o-N~ND 
-::: .. ~# 
IMes/SIMes IPr/SIPr ICy 
Table 2 shows that N-heterocyclic carbenes are more electron rich ligands than even 
the very basic phosphine PCY3, but the electronic differences for NHC ligands are quite 
small. The very similar stretching frequency between IMes and SIMes in (L)Ir(CO)2CI 
clearly demonstrates that saturated NHC ligands have similar electron donating abilities 
with unsaturated ones in NHC-metal complexes. Electronic properties of NHC ligands 
are probably not the main reason for explaining that saturated NHC-metal complexes 
have better catalytic activities in some reactions. 
Based on the data in Table 2, it can be concluded that after reaching a certain level 
of electron richness required for the reaction, modification of the ligand's steric demand 
might become more important than adjustment of the ligand's electronic properties in 
NHC-metal catalysts.22 
5 
1.2.2 Steric Properties 
The shape of NHCs is significantly different than that of phosphine ligands. The 
phosphine-metal complexes look like a cone and they can be easily assessed by the size 
of the phosphines using Tolman's cone angle (8) descriptors.23 For NHC-complexes, 
though Sigman described them as fence or fan like,24 their shapes are strongly affected 
by the substituents on the nitrogen atoms, so it is difficult to find an appropriate method 
to measure the steric properties ofNHC ligands. 
In 2003, Nolan introduced a "buried volume" parameter, %Vbur, the volume buried 
by overlap between a sphere with a radius of 3 A centered around the metal with the 
atoms of the ligand within this sphere to measure the percentage of spherical space 
around the metal that is occupied by a ligand.19,25 Based on the %Vbur, the large NHCs, 
like 1,3-bis(2,6-di-tert-butylphenyl)imidazolin-2-ylidene (SIt-Bu, %Vbur = 38) and 
1,3-di(1-adamantyl) imidazol-2-ylidene (lAd, %Vbur= 37), are significantly bigger than 
even the largest phosphine, Pt-Bu3 (%Vbur= 30). 
In order to investigate the steric influence of an NRC, a series of related 
bioxazoline-derived carbene ligands (IBiox) as triflate salts with similar electronic 
character and different steric demand were synthesized and used in Pd-catalyzed 
Suzuki-Miyaura coupling reactions?6 The most hindered NRC ligand, IBiox12, gave the 
highest yield (96%, Scheme 1). The results show that steric properties of NHC ligands 

























Scheme 1. Screening ofligands for Suzuki-Miyaura cross-coupling of substrates. 
1.3 History of N-Heterocyclic Carbenes and Their Metal Complexes 
In the early 1960s, Wanzlick first investigated nucleophilic carbene chemistry and 
discussed the likely existence of stable carbenes,27 which were previously postulated to be 
too unable to isolate due to their high reactivity. Re pointed out that there would be an 
increase in stability in carbenes if their adjacent substituents were sufficiently strong 
electron donors. The preparation of NRC-metal complexes was independently described 
7 
by Ofele28 and Wanzlick29 in 1968. Ofele prepared an imidazolylidene-chromium 
complex 7 by heating dimethylimidazolium hydridopentacarbonylchromate 6, while 
Wanzlick obtained an imidazolylidene-mercury(II) complex 9 by treating imidazolium 
salt 8 with mercury acetate (Scheme 2). 
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Scheme 2. The first NRC-metal complexes. 
2+ 
Few developments in N-heterocyclic carbene chemistry occured until Arduengo 
reported the first isolated crystalline NRC (IAd, 10) by deprotonation of the imidazolium 
salt using sodium hydride as the base and DMSO as the catalyst in 1991.30 Carbene 10 
can be stored as colorless crystals in the absence of moisture and oxygen, and the 
spectroscopic and X-ray analysis proved the structure of the stable carbene. 
The first stable carbene sparked considerable research interest in the chemistry of 
NRCs. In 1992, Arduengo isolated and acquired an X-Ray structure of another stable 
carbene 11 in which the bulky N-adamantyl group was replaced with smaller methyl 
groups. 1 The lack of bulky groups demonstrated that sterics were not the predominant 
factor for the stability of the tetramethylimidazol-2-ylidene. Three years later, Arduengo 
8 
synthesized the first stable saturated 1,3-dimesitylimidazolin-2-ylidene (SIMes, 12), 
which has been one of the most popular NHC ligands in transition metal chemisty.31 The 
stable saturated NHC demonstrated that the aromatic five-membered imidazole ring with 
the 4,5-carbon-carbon double bond was not a necessity to produce a stable NHC. 
The first air stable carbene, 1,3-dimesityl-4,5-dichloroimidazol-2-ylidene 13 was 
synthesized by the Arduengo group by chlorination of 1,3-dimesitylimidazol-2-ylidene 
using two equivalents of carbon tetrachloride.32 The introduction of chlorine in the 4 and 
5 positions of the imidazole ring improves greatly the stability of the carbene because of 
an inductive electron withdrawal by the strongly electronegative chlorine atom.32 




Figure 2. Early examples of stable NHCs. 
In 1995, Herrmann first demonstrated NHC-palladium complexes as the catalysts in 
Heck reactions.33 NHC-Pd complexes 14 showed pronounced thermal stability and 
excellent catalytic activity. Full conversion of the substrates 15 can be obtained with 
9 
catalyst loadings of only 0.0004 mol % (Scheme 3). This fmding attracted many 
chemists' attention immediately. Since then, numerous NHCs and NHC-metal complexes 
were reported and used in all kinds of organometallic catalytic reactions such as olefin 
metathesis, cross coupling reactions, aryl amination reactions, asymmetric hydrogenation. 
In 1999, a particularly noteworthy application was reported by Grubbs. A second 
generation olefin metathesis catalyst 19 was generated by replacing one tricyclohexyl 
phosphine group of the first generation catalyst 1834 with an NHC ligand (Figure 3).35 
The NHC-ruthenium alkylidene catalyst was not only air and moisture stable, but also 
exhibited higher activity and more tolerance towards functional groups. 












Scheme 3. First application ofNHC-metal complex as the catalyst in reactions . 
18 




CI~ I Ph 
PCY3 
19 
Figure 3. Grubbs' first and second generation olefin metathesis catalysts. 
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Recently, chiral NHCs are undergoing rapid expansion and numerous successful 
applications of chiral NHCs in stereos elective transformations have been presented. With 
the development of NHCs in the past 18 years since Arduengo reported the first stable 
NHC in 1991, NHCs are becoming a tremendously useful class of ligands in a variety of 
metal-catalyzed transformations, especially in asymmetric catalysis. 
1.4 Synthesis of Chiral NHCs and Their Metal Complexes 
The synthesis of chiral NHCs and their corresponding metal complexes started in the 
1990s with the work of Herrmann,36 who developed the first chiral imidazolium salt and 
synthesized the NHC-Rh complex 21 by reacting 20 with [Rh(COD)Cl]z in the presence 
of sodium hydride (Scheme 4). 
r=\ 
r=\ Ph--:-NyNyPh 
PhyN~NyPh 1. NaH/NH3 10 - I \ 
.:: CI - \ 2. [Rh(COO)CI12 CI-}--iJ 
20 21 
Scheme 4. The first chiral NHC-metal complex. 
After that, various chiral NHCs were prepared by different synthetic routes. The 
condensation of glyoxal, paraformaldehyde and a chiral primary amine to form 
C2-symmetric chiral imidazolium salts, which was developed by Arduengo, is a popular, 
11 
straightforward synthetic pathway (Scheme 5, a).37 
R R R R j---( ArBr. j---( HC(OEth 
(b) H2N NH2 Pd catalyst Ar-NH HN-Ar HX • 
(c) 
Scheme 5. Synthetic routes to chiral NHCs. 
In 2001, Grubbs synthesized an imidazolinium salt with chiral centers at the 4,5 
positions of imidazoline ring by first making chiral tertiary amines by 
palladium-catalyzed Buchwald-Hartwifg coupling, then cyclization with 
triethylorthoformate and hydro-halogen acid (Scheme 5, b).38 Cl-symmetric chiral 
imidazolium salts could be synthesized using Chung's method.39 Treatment of a chiral 
alcohol with monosubstituted imidazole in acetic acid followed by basic workup and 
anion exchange resulted in an unsymmetrically chiral imidazolium salt (Scheme 5, c). 
The coordination of NHCs to metal centers is relatively less accessible than 
phosphine-metal compounds because it usually requires the activation of an NHC 
precursor.40 The methods for preparing chiral NHC-metal complexes can be classified as 
follows: 
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1. Deprotonation of an NHC precursor with a base: 
Using a base, NHC precursors can be deprotonated in situ to produce the free NHCs, 
which react directly with metal to form NHC-metal complexes. The free carbenes, which 
are usually air and moisture sensitive, do not need to be isolated during the reaction. The 
ease of control and simplicity of the method makes it the most widely used in the 
preparation of NHC-metal complexes. Several strong bases such as NaH,41 KOtBu,42 
NaOEt,43 KN[Si(CH3)3h,44 t-BuLi45 are the most widely used bases for this kind of 
reaction and sometimes even weak bases like NEt3,46 NaOAc,47 CS2C0348 are capable of 
the deprotonation. The choice of base is quite important during the deprotonation process 
to avoid production byproducts and obtain higher yields.45 
Besides external bases, basic ligands on the metal complexes can also be used as the 
internal bases to deprotonate NHC precursors. Metal compounds with hydride, alkoxide, 
acetate are often treated with NHC ligands directly in dry solvent to generate NHC-metal 
complexes. For example, direct treatment of a binaphthyl bisimidazolium salt 22 with 
Pd(OAc)2 in hot DMSO gives the mixture of bidentate NHC-Pd isomers 23 by 




"'" Pd(OAch/DMSO + 
II' 
22 23 
Scheme 6. Internal base used in preparation ofbinaphthyl NHC-metal complexes. 
11. Transmetalation from NHC-silver complexes: 
Using NHC-Ag complexes as carbene transfer agents to make NRC-metal 
complexes was first reported by Wang and Lin in 1998.50 By reacting Ag20 with 
N,N-diethylbenzimidazolium chloride salts m dichloromethane, the 
bisbenzimidazolylidene-silver complexes were prepared and used as carbene sources to 
make NHC complexes ofPd and Au by reacting with Pd(CH3CN)2Ch and Au[S(CH3)2]Cl 
respectively. The driving force for the reactions is the formation of insoluble silver 
chloride salt. This convenient process avoids using strong base, a strictly inert 
atmosphere, complicated workups and has been successfully demonstrated with a variety 
of metals such as Pd, Ni, Rh, Ir, Ru, Au, Cr arid CU.21, 51-55 For example, the reaction of 
the chiral imidazolium salt 24 with Ag20 gives the NHC-Ag complex 25, which reacts 
with Pd(CH3CN)2Ch to afford chiral bidentate NHC-Pd complex 26 (Scheme 7).56 
14 
Because of its mild conditions, this method is also useful ifNHC precursors have protons 
of comparable acidity to the imidazolium C-H proton and treatment with base is not 
productive.4o 
Scheme 7. Chiral NHC-Pd complex synthesis by silver transmetalation. 
iii. Stable carbene directly reacting with metal precursor: 
Free stable carbenes can replace labile ligands on suitable metal complexes. 
Pd(bipy)(CH3)2,57 [Rh(COD)Clh,58 Ni(CO)4,59 W(CO)6,59 etc. were reported to be used 
as metal precursors reacting with isolated stable carbenes to provide NHC-metal 
complexes. In 2001, the Nolan group prepared a series of chiral NHC-Rh complexes by 
mixing the free chiral carbenes with [Cp *RuCI]4 in THF with good yields (Scheme 8).60 
15 
27a-c 
a b c 
Scheme 8. NHC-Ru complex synthesis using free NHCs. 
1.5 Applications of Chiral NHC-metal Complexes in Asymmetric Catalysis 
Increasing experimental data shows that the NHC systems have surpassed thei~ 
phosphine-containing analogues in both activity and scope in the area of organometallic 
chemistry. 61 Transformations catalyzed by chiral NHC-metal complexes have been 
exhibited in all kinds of reactions such as in asymmetric olefin metathesis, asymmetric 
hydrogenation, hydrosilylation and in asymmetric 1,4-addition. 
Metal-catalyzed olefin metathesis is always regarded as a powerful tool for the 
construction of carbon carbon double bonds in organic chemistry.62 In 2001, Grubbs 
reported a chiral NHC-ruthenium alkylidene complex 29 which was shown to promote 
de symmetrization of trienes in up to 82% conversion to give a ring closing metathesis 
product 31 with 90% ee (Scheme 9).63 The strategy for the chiral induction is based on a 
transfer of stereochemistry from the stereo genic centres of the backbone to the 
16 
N-substituents of the NHC through the N-aryl rings. 









RU4 el~ ~eY3 Ph 
29 
Scheme 9. Olefin metathesis catalyzed by Grubbs chiral NHC-Ru complex. 
Prepared from an unsymmetrical NHC bearing a naphtholato donor by 
transmetalation with silver in situ, Hoveyda's metathesis catalyst 32 was tested in 
asymmetric ring opening cross-metathesis reaction (AROM) and provided almost 
exclusively trans-configuration (>98/2) and good enantiose1ectivity (80% ee, Scheme 
9 10 mol% 32 
? ~ + ~Ph 50 °e, THF 
o~o~o ---------.. 
33 
(80% ee) 32 
Scheme 10. Asymmetric ring opening metathesis catalyzed by 32. 
Asymmetric hydrogenation has been well established and is becoming an effective 
method to make chiral compounds with high degree of enantiocontroL In 2004, 
Helmchen's group synthesized a chiral bidentate ligand by replacement of one of the two 
17 
N-aryl groups of Grubb's imidazolinylidenes with a 2-diphenylphosphinonaphth-l-yl unit, 
which was coupled with Grubbs' NHC to provide two isomers. The isomers reacted with 
Ag20 and [Rh(COD)CI]z to yield two diastereomers 35. The mixture of 35 was tested in 
the enantioselective hydrogenation of methyl 2-acetamidoacrylate to give 100% 
conversion and 99% ee of product 37a.65 
36a 37a 
(99% ee) 
Scheme 11. Asymmetric hydrogenation by the mixture of diastereomers 35. 
Recently, Burgess designed a chiral NHC ligand as an analogue of his JM-PHOS 
ligand 3866 by replacement of the phosphine group with an imidazolium salt to provide 
39. The carbene, generated in situ, reacted with [Ir(COD)Cl]z followed by anion 
exchange with sodium tetrakis(3,5-bistrifluoromethylphenyl)borate (NaBARF) to give 
iridium complex 40. The iridium complex 40 was investigated in asymmetric 
hydrogenation of (E)-1,2-diphenylpropene, reaching 99% yield and 98% ee at room 
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temperature and 50 bar H2 (Scheme 12).67 
38 
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0.6 mol % 40 
50 bar H2, 25°C 
10 
) __ lh 
Ph 
42 
(99% yield, 98% ee) 
BAR~ 
40 
Scheme 12. Burgess' NHC-Ir catalyst and its application in asymmetric hydrogenation. 
As an alternative to asymmetric hydrogenation, asymmetric hydrosilylation is also 
receiving much attention because the silylated product can be hydrolyzed easily under 
acidic or basic conditions to give the reduced product. Ruthenium, rhodium and iridium 
are usually used as the catalysts. Herrmann first investigated the stereos elective 
hydrosilylation of acetophenone with the chiral NHC-Ru complex 43, which displayed 
moderate enantioselectivity (32% ee, Scheme 13).36 
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44 
1 ~~ ~h~iH.' ~HPh' 
THF V 
45 
(32% ee) 43 
Scheme 13. The first example of asymmetric hydrosilylation. 
Excellent results were reported by Andrus for the same reaction, where he employed 
the planar chiral paracyclophane imidazolinium salt 46 and RuCh(PPh3)3 as the catalyst. 
The NHC-Ru complex formed in situ and led to 98% yield and 97% ee (Scheme 14).68 
44a 
1.2 mol% 46 





(98% yld, 97% ee) 46 
Scheme 14. Asymmetric hydrosilylation using chiral NHC ligand 46. 
Enantioselective NHC-copper-catalyzed 1,4-addition of dialkylzinc reagents to 
enones was first reported by Roland in 2001.69 Based on the C2-symmetric element 
containing the 1,2-di-tert-butyl ethylenediamine skeleton, the silver carbene compound 
48 catalyzed the addition of diethylzinc to cyclohexenone in the presence of Cu(OTf)2 , 
but the enantioselectivity only reached 23% ee. Four years later, Mauduit developed a 
new class of imidazolinylidene ligand 49. This ligand was formed in situ by addition of 
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1,8-diazabicyc1o[5.4.0]undec-7-ene (DBU) to the appropriate imidazolium predcursor, 
and in the presence of Cu(OTf)2 catalyzed the addition of diethylzinc to cyc1ohexenone in 
up to 89% ee (Scheme 15).70 
0 0 
6 Cu(OTfh, 48 or 49, Q • 1.5 eqiv Et2Zn 
50 51 
t-8)J t-8u 411+ i-Bu ;r( 
N0N) - ligand yld, % ee,% 
H3C .... NyN .... CH3 PF6 48 98 23 
Agi HO 49 99 89 
48 49 
Scheme 15. Asymmetric 1, 4-addition catalyzed by NHC-copper complexes. 
Surely, chiral NHCs and their metal complexes are still expenencmg a rapid 
progress. With further investigation, more chiral NHC derivatives will certainly be 
developed and their use will lead to greater success in asymmetric catalysis. 
1.6 Benzimidazolylidenes 
Though fundamental thermodynamic studies have shown that benzimidazolylidenes 
behave intermediately between imidazolinylidenes and imidazolylidenes,71,n 
benzimidazolylidenes are not well developed as ligands in transition metal-catalyzed 
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transformations. This is probably because existing methodology used to make 
imidazolylidenes and their saturated analogues is less applicable for the preparation of 
chiral benzimidazolylidenes.8 For example, the common way of making chiral 
imidazolylidenes by condensation of glyoxal, a chiral primary amine and paraformaldehyde 
is not possible for benzimidazolylidenes. To date, most reported chiral benzimidazolium 
salts are prepared by the introduction of a chiral substituent a to nitrogen by aryl amination 
(for example, Figure 1, e73) or direct N-alkylation (Scheme 16). 
.. ~ f (EtO~~CH. ) f. 
R*-N,hN-R* 






(b) R*-X .. 
X 
Scheme 16. Aryl amination and N-alkylation routes to prepare benzimidazolium salts. 
Recently, Shi's group synthesized a binaphthyl dibenzimidazolium salt, which 
complexed with ruthenium and palladium, providing high enantioselectivites (up to 
98% ee) in the hydrosilylation of acetophenone74 and conjugate addition of arylboronic 
acids to cyclic enones.75 Except for this ligand, to the best of our knowledge, few 
reported benzimidazolylidenes so far gave good chiral induction in asymmetric catalysis. 
The reason is probably that the rapid internal rotation of the chiral substituent around the 
C-N axis leads to the active chiral space at the metal center being relatively poorly 
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defined.76 Based on that, new approaches towards the preparation of benzimidazolium 
salts with rigid chiral architectures may result in useful ligands for asymmetric catalysis. 
1.7 Benzimidazolylidenes Derived from Substituted 1,10-Phenanthrolines 
1,lO-phenanthroline and its derivatives have a long history as nitrogen donor ligands 
ill transition-metal catalysis,?? but their reduced pyridyl forms, substituted and 
unsubstituted octahydrophenanthrolines, received little attention as precursors for new 
ligands. Previously, several routes to synthesize phenanthroline-derived chiral NRC 
ligands were developed by our group. Treatment of 1,1 O-phenanthroline with an excess of 
an organolithium reagent, followed by oxidation with Mn02, provided 2,9-disubstituted 
phenanthrolines (54a-c). These compounds were reduced with NaBR3CN in acetic 
acid/methanol to yield octahydrophenanthrolines as 1: 1 mixtures of meso/rae 
stereoisomers (56a-c, Scheme 17).8 
~ 1.RLi,THForPhM; 
CNHN;) 2. Mn02 
~ NaBH3CN, .. 
)=N;------\.N=< HOAc I MeOH 
R R 
52 53,54a-e 
R 53, 54a-e, yld, % 55, 56a-e, yld, % 
H 53, NA 55,42 
Ph 54a,61 56a,63 
n-Bu 54b, 76 56b,63 




Scheme 17. Preparation and reduction of2,9-disubstituted phenanthrolines. 
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The racemic C2-symmetric reduction mixture 56a was resolved by converting them 
to covalent diastereomers 57a using PCh, (-)-menthol and sulfur.78 Crystallization in hot 
methanol solution afforded pure diastereomer (S,s)-57a. Removal of the chiral auxiliary 
gave optically pure diamine (S,s)-56a, which was converted to chiral benzimidazolium 
salt (S,s)-58a by reaction with triethylorthoformate and one equivalent of hydrochloride 
acid (Scheme 18). 
56a 






as a mixture of 
three diastereomers 




Ptl' CI- Ph 
(S,S)-58a 
Scheme 18. Resolution of racemic 2,9-diphenyloctahydrophenanthrolines. 
Another method to introduce chirality at a to nitrogen position of phenanthroline 
core involved asymmetric lithiation of urea 59 by i-PrLi-(-)-sparteine at -78 DC followed 
by electrophilic substitution using Mel. 79 25-30% yields and 69% ee for 60 was obtained. 
60 could be hydrolyzed by LiAI& to give back to octahydrophenanthroline 61. Ring 
closure by HC(OEt)3IHI afforded the chiral benzimidazolium salt 62 (Scheme 19). 
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db 1. LiAlH,. THF c2=> HC~~Et),. & 
NyN " .. NH HN", 800C N, fiN ", ~ 2. SM HCI ~ '-/ ~ 
° CH3 (SO%) CH3 (73%) 1- CH3 
60 61 62 
Scheme 19. Asymmetric synthesis of a phenanthroline-derived benzimidazolium salt. 
Recently, asymmetric reduction of 2,9-disubstituted phenanthrolines using 
diethyl-I,4-dihydro-2,6-dimethylpyridine-3,5-dicarboxylate 64 as a Hantzsch 
dihydropyridine (HDHP) reducing agent in the presence of a BINOL-derived phosphoric 
acid catalyst 63 was reported by our group.80 The reduction of 2,9-disubstituted 
1,lO-phenanthrolines 54b and 54c (R = n-butyl, Me) gave a 3:2 mixture of ent and meso 
isomers, which could be converted to urea adducts for easy separation of the 
stereoisomers by column chromatography. Chiral HPLC analysis of the urea adducts 65b 
and 65c returned a value of 99% ee for enantiomers 56b and 56c (Scheme 20). In 
contrast, reduction of the 2,9-diphenyl-l, lO-phenanthroline 56a under the same 
conditions provided only the tetrahydro reduction product with low 25% ee, which 
implied that this asymmetric reduction method was not applicable for preparation of 
chiral diaryl substituted octahydrophenanthrolines. 
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~ 2mol%63, ~ 
')=Nl\N=< --6 -eq-ui-v -64-, -~ }-N~N--{ 
R R R R PhH, 60°C 
R = n-Bu, 54b (72-88%) 56b,c 
R = Me, 54c 
Ar 
Ar 







( 3:2 ent/meso, 99% ee) 
Scheme 20. Asymmetric reduction of 2,9-dialkyl-l, I O-phenanthrolines. 
Applications of phenanthroline-derived NHC ligands were first reported in 2004.81 
Achiral octahydrophenanthroline 53, which is turned into benzimidazolium salt 66 by 
ring closure in the presence oftriethylorthoformate and HCI, was treated with Pd(OAc)2 
in THF to generate a cis/trans NHC-Pd mixture 67. The cis/trans complexes 67 were 
employed to catalyze Heck reactions in about 90% yield (Scheme 21).81 
26 


























Scheme 21. Phenanthroline-derived NHC-Pd complex synthesis and their application. 
Palladium-catalyzed oxindole synthesis by amide a-arylation was investigated 
using in situ-generated chiral carbene ligand in 2007.82 Substrate 70 was stirred with 10 
mol % Pd(dba)2, 10 mol % benzimidazolium salt (S,s}-58a and 1.5 equivalents of 
KOt-Bu in DME at 50 DC for 15 h, generating chiral oxindole 71 in 25% yield and 48% 
ee (Scheme 22). Although the yield was low, the selectivity was similar to that observed 
by Hartwig using a different chiral NHC ligand (57% ee).83 
10 mol % Pd(dbah 
10 mol % (S,S)-58a 
• 
KOt-Bu, DME 





(25% yield, 48% ee) 
Hartwig's ligand 
Scheme 22. Palladium-catalyzed a-arylation using chiralligand (S,s}-58a. 
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The preceding results encouraged us to do more research in transition metal catalysis. 
The successful synthetic routes to make chiral benzimidazolylidenes derived from 
1,IO-phenanthroline provided Us a good opportunity to prepare more chiral NHC ligands 
and to test their applications in metal catalytic transformations. The results in those 
aspects will be described in this thesis. 
1.8 Aims and Objectives 
A series of sterically bulku groups, including 2-methylphenyl, 2-methoxyphenyl, 
ferrocenyl, will be introduced to 2,9 positions of 1,1O-phenanthroline. The resulting NHC 
ligands will be used for the preparation of transition metal compounds, and the potential 
of these complexes in catalysis will be investigated. 
Reduction of 2,9-disubstituted 1, 1 O-phenanthrolines to the corresponding 
octahydrophenanthrolines will be investigated using different methods such as NaBH3CN 
in HOAc/MeOH, high pressure hydrogenation or sodium metal in alcoholic media, etc. 
Synthesis of chiral and achiral NHC-metal complexes and their applications will be 
the emphasis in this thesis. Attempts to prepare NHC-Ru and NHC-Ir complexes by 
treatment of phenanthroline-derived benzimidazolium salts with Grubbs' fITst generation 
catalyst and [Ir(COD)CI]z respectively will be described (Scheme 23). These complexes 






: [lr(COD)Clh L __________________________ ~ 
base 
Scheme 23. Synthesis ofbenzimidazolylidene-metal complexes. 
29 
2. Results and Discussion 
2.1 Synthesis of Chiral and Achiral Benzimidazolium Salts Derived from 
1,10-Phenanthroline 
2.1.1 Preparation of 2,9-Disubstituted 1,10-Phenanthrolines 
2,9-Disubstituted 1,1 O-phenanthrolines can be prepared by nucleophilic aromatic 
substitution and oxidation.84 In this manner, treatment of 1,1 O-phenanthroline 52 with 3 
equivalents of 2-lithioanisole 73a (prepared from 2-bromoanisole and freshly cut 
lithium)85 followed by Mn02 oxidation afforded monosubstituted product 74d, which-
was subsequently treated with 2-lithioanisole and Mn02 yielding 2,9-di(2-methoxyphenyl) 
phenanthroline 54d in 44% overall yield. Treatment of 1,1O-phenanthroline 52 with 6 
equivalents of 2-1ithiotoluene 73b (also prepared from 2-bromotoluene and freshly cut 
lithium)86 III toluene followed by Mn02 oxidation gave directly 
2,9-di(2-methylphenyl)phenanthroline 54e in 75% yield. The preparation of 
2,9-diferrocenylphenanthroline required isolated lithioferrocene (FcLi)87 and 
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) as oxidants. The reaction afforded desired 
2,9-diferrocenylphenanthroline 54f (30%), along with 31 % monoferrocenyl 
phenanthroline 74f when 3 equivalents of FcLi was used. The isolated 2-substituted 
product 74f could be transformed to the desired 54f in 65% yield in a separate reaction 
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with 2 equivalents of lithioferrocene and I equivalent of DDQ at room temperature 
(Scheme 24). 
cc~ Br 2.2 equiv Li wi~e CC~ Li ,,& R Et20, reflux ,,& R 
12a,b 
72a (R = OCH3) 
72b (R = CH3) 
73a,b 
1. 3 equiv 73a 
Et20/PhMe H3CO 
a) 52 .. 


































Scheme 24. Synthesis of bulky 2,9-disubstituted-l, IO-phenanthrolines. 
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2.1.2 Reduction of 2,9-Disubstituted 1,10-Phenanthrolines 
Reduction of 2,9-disubstituted 1,1O-phenanthrolines to the corresponding 
octahydrophenanthrolines by NaBH3CN in AcOHIMeOH was developed by our group in 
2006.8 For compound 54d and 54e, low yields (36% and 37% respectively) of the 
mixture of raclmeso isomers 56d and 56e were obtained under these conditions 
(NaBH3CN, HOAc/MeOH=3:1). Several other approaches were attempted to reduce 
these sterically demanding substituted phenanthrolines in order to obtain better yields. 
First, 56e was obtained in higher yield (48%) using Raney nickel in ethanol as the 
catalyst under 50 bar hydrogen,88 but the high pressure required and moderate yield 
obtained limited the practicality of this method. Second, reduction of 54e with 
diethyl-I,4-dihydro-2,6-dimethylpyridine-3,5-dicarboxylate 64 in the presence of 
catalytic TF A 89 gave only the corresponding tetrahydro reduction product 75e, though the 
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Scheme 25. Reduction of 2,9-disubstituted phenanthrolines using different methods. 
A significant improvement was observed using sodium in alcohol as the reducing 
medium.90 Thus, 2,9-diaryl-l, lO-phenanthrolines such as 54a,e,f (R=Ph, 2-methylphenyl, 
Fc) were reduced smoothly to give 2,9-diaryloctahydrophenanthrolines 56a,e,f as 1:1 
mixtures of meso and rae stereoisomers. Specifically, addition of sodium to a solution of 
54a and 54e in abs. EtOH gave 56a and 56e in 72% and 88% yield respectively. In a 
similar manner, 2,9-diferrocenyl-l, 1 O-phenanthroline 54f was reduced to the 
corresponding octahydrophenanthroline 56f in 76% yield using sodium in THFli-PrOH 
33 
(Scheme 26). This reduction route was particularly useful for 54f, which would be 
expected to decompose under exposure to hot acetic acid or TFA needed for NaBH3CN or 
HDHP reduction protocols. 
A limitation to this procedure was observed III the reduction of 
2,9-dibutyl-I,1O-phenanthroline 54b, which appeared to give the mixture of two 
octahydrophenanthrolines 56b and 76b in 4: I ratio probably as a result of lower radical 
stability a to nitrogen as compared to the 2,9-diaryl adducts. 
~5 <N~ reflux Na, alcohol 
R R 
54a,b,e,f 
R compound solvent 
phenyl 54a EtOH 
n-butyl 54b EtOH 
2-methylphenyl 54e THF/i-PrOH 
ferrocenyl 54f EtOH 











Scheme 26. Reduction of2,9-disubstituted phenanthrolines using Nalalcohol. 
2.1.3 Resolution of 2,9-Disubstituted 1,10-0ctahydrophenanthrolines 
Previously, our group demonstrated that the Herrmann procedure 78 could be used to 
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resolve 2,9-diphenyloctahydrophenanthroline 56a. This procedure was repeated for other 
diaryl octahydrophenanthrolines 56d,e,f. The raclmeso diamines 56e or 56f were 
sequentially reacted with PCh, (-)-menthol and sulfur in one pot to give the phosphorous 
adduct mixture 57e and 57f. Unfortunately, the phosphorous (V) adduct 57d failed to 
form. It was found that the 2,9-diferrocenyloctahydrophenanthroline mixture 57f could 
be separated by column chromatography to give three pure diastereoisomers (S,s)-57f, 
(R,R)-57f and meso-57f. Verification of their stereochemical purity was confirmed by 31p 
NMR analysis, which also established their order of elution (i5 66.1, i5 65.3 and i5 74.5). 
For 57a, crystallization from hot methanol solution afforded diastereoisomer (S,s)-57a. 
Further careful column chromatography of the remaining uncrystallized material resulted 
in (R,R)-57a and meso-57a. Notably, the (R,R)-57a was not previously isolated.8 For the 
mixture 57e, several methods such as crystallization from different solvents (MeOH, 
EtOH, EtOAc, hexane/Et20, MeOHlH20, etc) or column chromatography could not give 
the desired pure diastereomer product. Attempts to prepare ammonium salts for 56e using 
L-tartaric acid or (1 S)-( + )-camphor-l O-sulfonic acid were also unsuccessful. 
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3.S, R :6"~ 
57a,e,f 
(R,R)-57a,f meso-57a,f 
L-tartaric acid or 
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Scheme 27. Resolution of rac!meso 2,9-disubstituted octahydrophenanthrolines. 
2.1.4 Synthesis of Chiral Benzimidazolium Salts 
Treatment of pure phosphorous adduct diastereomers 57a,fwith LiAIH4 in refluxing 
THF gave free chiral diamines 56a,f in good yields (75-87%). Enantiomerically pure 
diamines (S,s)-57a,f and (R,R)-57a were reacted with HC(OEt)3 and HCI to afford the 
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Scheme 28. Synthesis of rigid chiral benzimidazolium salts. 
2.1.5 Hydrolysis ofUreas to Octahydrophenanthrolines 
Asymmetric reduction of 2,9-dialkyl phenanthrolines 54b,c usmg a Hantzsch 
dihydropyridine (HDHP) 64 in the presence of catalytic BINOL-derived phosphoric acid 
afforded optically pure enantiomers 56b,c (99% ee) when their corresponding urea 
adducts 65b,c were measured by chiral HPLC (Scheme 20).80 The results provided an 
alternative route to make additional chiral 2,9-dialkyl-l, 1 O-octahydrophenanthrolines if 
the five-membered ring of the urea adducts 65b,c can be opened to generate the optically 
pure amines by appropriate reducing regents. 
Unsubstituted urea 77 was chosen as a model to try this reaction because of its ready 
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availability by treatment of 53 with triphosgene. Several regents such as super hydride 
(LiBHEt3), lithium pyrrolidinoborohydride (LiBH3Pyrr),90 and NaNH2 were employed, 
but no desired products were observed (Scheme 29). However, treatment of 77 with PhLi 
afforded the amide 78. Further attempt to convert 78 to amine using different regents 
were unsuccessful (Scheme 30), although the reactivity of Schwartz's reagent 
((CsHs)2ZrHCI) with other secondary and tertiary amides offers hope that 53 can be 
derived from 78. Studies in the lab are ongoing. 
~ _re_d_u_ci_ng_r_e--,ge\f-n_ts __ "----J\I~ X • NyN solvent c2J ~ ;; NH HN 
o 
77 53 
regent equiv solvent T, DC 
LiBHEt3 1 THF 25 
LiH3BPyrr 1 THF 66 
NaNH2 2.5 dimethylanline 35 
Scheme 29. Attempts at converting urea 77 to octahydrophenanthroline 53. 
cR> dD c2J PhLi, ~;; reagent ~ ;; I> NH N solvent XI> NH HN THF, rt 
NyN (83%) 
prO 0 
77 78 53 
regent equiv solvent T, DC 
LiBHEt3 1.1 THF 66 
LiH3BPyrr 4 THF 66 
50% H2SO4 20' H2O 100 
Scheme 30. Ring-opening of urea 77 to benzamide 78. 
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2.2 Synthesis and Applications of Benzimidazolylidene-metal Complexes 
2.2.1 Attempts to Make NHC-Ru Alkylidene Complexes 
Previously, our group tested the efficiency of NHC precursor (S,s)-58a in 
palladium-catalyzed oxindole synthesis, which provided oxindole 71 in 48% ee.82 The 
result also encouraged the development of catalysts with other metals such as ruthenium 
and iridium. 
Ruthenium complexes have established themselves as powerful catalysts in olefin 
metathesis and have evolved significantly in recent years. In particular, Grubbs' second 
generation catalyst, containing one NHC ligand, further spurred the development of 
NHC-Ru complexes. For example, Collins92 recently designed a new NHC-ruthenium 
alkylidene complex 79 in which the ligand has Cl-symmetry based on Grubbs' chiral 
catalyts 29. The bulkier tert-butyl group was chosen for the 4,5 positions of the 
imidazoline ring in order to increase the effectiveness of the chiral transfer by restricting 
the conformation of the arene. The difficulties encountered in preparation of a 
C2-symmetric analogue of this ligand forced the use of a small N-methyl group. This 
C1-symmetric catalyst showed good reactivity and up to 95% ee was obtained in 
asymmetric ring-closing olefin metathesis (ARCM) reactions. In 2001, The Diver group 
synthesized a chiral benzimidazolylidene-Ru complex 80, but the catalyst provided little 
activity in tandem dienyne cross-metathesis/ring-closing metathesis between propargyl 
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benzoate and 1,5-hexadiene.73 
18 
79 
Figure 4. Examples ofNHC-Ru alkylidene catalysts for olefin metathesis. 
Comparison of 80 to Grubbs' chiral catalyst 29 and Collins' catalyst 79 shows that a 
catalyst 83 with our diphenylligand (S,s)-58a may have similar electronic properties as 
29, 79 and 80, but with the advantage of increased rigidity. Notably, 29 and 79 can also 
be considered to be aniline derivatives like 83, but with the relative position of the chiral 
centers and the aromatic ring reversed. 
Unfortunately, attempts to complex Grubbs' first generation catalyst 18 using our 
phenanthroline-derived benzimidazolylidenes formed in situ with a base were 
unsuccessful. Reactions were carried out using Diver and Smulik's procedure.93 
Different temperatures, various solvents (THF, hexane or toluene) and bases including 
KN(SiMe3h, KOt-Bu and potassium 1,1,1,3,3,3-hexafluoro-2-methyl-2-propoxide were 
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investigated, but no desired product was observed. Transmetalation from NHC-silver 
complex (S,S)-82a to ruthenium with 18 in CH2Ch also failed (Scheme 31). Curiously, 
the color changes observed during the reaction (from purple to dark brown) matched 
Smulik's report93 for 80. However, the reaction mixture turned black quickly during the 
isolation and purification process (precipitation or column chromatography on TSI silica 
gel). This occured even in an inert atmosphere indicating that the putative NHC-Ru 
complex was unstable. 
A survey of the literature has not revealed the successful synthesis of any 
Ru-alkylidene complexes with annulated NHC ligands. Thus, there may be an inherent 
problem with the steric demand of these ligands. For complexes 81 and 83, the C-N 
bonds which are locked in the piperidyl rings may lead to a forced steric interaction 
between the a to nitrogen position and a chloride or alkylidene group of the ruthenium 












X base T,oC solvent 
CI KOt-Bu -78-25 THF/toluene 
CI KOt-Bu -78-25 toluene 
CI KN[Si(CH3hh -78-25 THF/toluene 
CI KN[Si(CH3hh -20-25 THF/toluene 
CI KOC(CH3)(CF3h -78-25 toluene 
BF4 KOt-Bu -30-25 hexane 
BF4 KOt-Bu -78-25 THF/toluene 
BPh4 KOt-Bu -20-25 toluene 
{S,S)-58a (S,S)-82a 83 
Scheme 31. Attempts to prepare benzimidazolylidene-Ru alkylidene complexes. 
2.2.2 Synthesis of Benzimidazolylidene-Ir Complexes 
The area of NRC-iridium catalysis has been gaining much attention in recent 
years.94-96 The iridium catalysts prepared by replacement of phosphine ligands with 
NHCs based on Crabtree's catalyst97 show generally high activity in olefin 
hydrogenation.96 Further improvement can· be realized when non-coordinating 
tetrakis[3,5-bis(tritloromethylphenyl)borate (BARF) anions98,99 are used in cationic 
iridium complexes. An example is 84 (Figure 6), which at a catalyst loading of 0.1 
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mol % catalyzed hydrogenation of a tetrasubstituted alkene (2,3-dimethylbut-2-ene) with 
100% yield at I atm hydrogen and room temperature. 96 
The development of chiral versions of NHC-Ir complexes for enantiose1ective 
catalysis is a logical extension. In 2006, Herrmann's group synthesized a chiral NHC-Ir 
catalyst 85, which was tested in transfer hydrogenation of acetophenone with 2-propanol 
as hydrogen source. The reaction gave products in only 24% ee.78 One year later, a 
substituted analogue was designed by the same group and the monodentate iridium 
complex 86 was used in asymmetric hydrogenation of methyl 2-acetamidoacrylate, 
yielding up to 67% ee.76 
Relatively few examples of chiral benzimidazolylidene-Ir complexes have been 
reported in asymmetric catalysis. Shi and Duan synthesized an axially chiral monodentate 
NHC-Ir complex 87 derived from BINAM, but no applications were reported for this 
complex. lOO In 2003, Chung synthesized complex 88, which displayed moderate 
stereo selectivity (53% ee) in transfer hydrogenation of 4'-methylacetophenone. Some 
analogues of 88 gave much lower enantioselectivities.39 
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84 85 86 
87 88 
Figure 5. Examples ofNHC-Ir complexes. 
Unlike the preparation of ruthenium complexes, the synthesis of NHC-Ir catalysts 
using phenanthroline-derived benzimidazolylidenes as the ligands was straightforward. 
The bis-substituted cationic NHC-iridium chloride 89 was produced by direct 
deprotonation of 66 with sodium hydride in the presence of [Ir(COD)Clh in 38% yield. 
In order to introduce only one NHC ligand on the iridium center, a silver complex was 
prepared to allow for transmetalation to iridium. This was done by treatment of 
unsubstituted benzimidazolium chloride 66 with Ag20, which gave the corresponding 
bis-substituted silver(I) complex 90 as the AgCh - salt Transmetalation of silver to 
iridium was carried out by mixing silver salt 90 with metal catalyst precursor 
[Ir(COD)Clh to give the monodentate complex 91 in 76% yield. Direct displacement of 
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the chloride counterion in 91 could be accomplished with triphenylphosphine and sodium 
tetrakis(3,5-trifluoromethylphenyl)borate (NaBARF) in dichloromethane to afford the 
additional cationic four-coordinate complex 92, which is expected to have better catalytic 


















Scheme 32. Synthesis of achiral benzimidazolylidene-Ir complexes. 
According to 2-dimensional HSQC (Heteronuc1ear Single Quantum Coherence) 
analysis, each of the monosubstituted complexes 91 and 92 exhibited two distinct 
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resonances for the a to nitrogen methylene groups in their IH NMR spectra at room 
temperature and at -50°C (91: ~ 4.60, 4.38; 92: ~ 4.14, 3.58) which correlated to only 
one 13C NMR signal (91: ~ 44.9; 92: ~ 45.1, Figure 6 and Figure 7). This observation 
implied that the principal plane of the NHC ligand in each complex, as defined by the 
imidazole ring, was probably· orthogonal to the Ir-Cl or Ir-P bond and that the complex 
possessed Cs symmetry. 
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Figure 6. IH_13C HSQC experiment of complex 91. 
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Figure 7. IH_13C HSQC experiment of complexe 92. 
Similarly, chiral NHC-Ir complexes were prepared according to the procedure used 
for complex 91. Chiral silver salts (S,s)-82a and (R,R)-82a were transmetalated with 
[Ir(COD)Clh to give the monodentate complexes (S,s)-93a, (R,R)-93a respectively in 
excellent yield. In addition, deprotonation of chiral benzimidazolium chloride salt 
(S,s)-58a by KOt-Bu in the presence of [Ir(COD)Clh gave complex (S,s)-93a directly 
without formation of a bis-NHC complex. This is most likely due to the increased steric 
bulk of this ligand. The same sequence of transformations afforded diferrocenyl (S,s)-93f 
from (S,s)-58f. Complex (S,s)-93a was further reacted with PPh3 in the presence of 

























CH2CI2 Do >-N~-< 
(92-95%) Pti Y Ph 
~~Q 








pif I: Ph 
Ph3Pp BARF- /' 
(5,5)-94a 
Scheme 33. Synthesis of chiral phenanthroline-derived NHC-Ir complexes. 
To determine the absolute stereochemistry of the chiral iridium complexes, crystals 
of (R,R)-93a and (S,s)-93f suitable for X-Ray were obtained by slow diffusion of 
pentane into toluene, or evaporation from a mixed solvent system of 
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hexane/dichloromethane, respectively. X-Ray analysis showed that both complexes were 
four-coordinate with square planar geometry at the iridium, but that the plane of the 
imidazole ring was twisted out of orthogonality with respect to the Ir-CI bond in both 
chiral complexes. This conformation avoids excessive steric interactions between the 
COD ligarid and one of the aryl substituents of the NRC ligand. This effect was more 
pronounced for the diferrocenyl NHC ligand ( Figure 8 and Figure 9). The differential 
steric interaction between the COD moiety and a proximal phenyl or ferrocenyl group is 
reflected in the torsion angles defined by N3a-C4-Irl-Cll for (R,R)-93a (104.0(2)°) 
versus N4a-C4-Irl-Cll in (S,s)-93f (112.89(18)°). In contrast, Chung's diferrocenyl 
iridium catalyst 88 (Figure 5)39 has a torsion angle of only 96.9(3)°. 
X-Ray structures of (R,R)-93a and (S,s)-93f clearly demonstrated that the formation 
Ir-C bond can overcome the steric repulsion in the four-coordinate square planar 
geometry of NHC-Ir complexes, although the steric hindrance is substantially greater 
than complexes with non-annulated ligands such as 88. However, for the five-coordinate 
pentahedral NHC-Ru alkylidene 81 and 83, maybe excessive steric demand around the 
ruthenium metal center precluded their formation or isolation. 
The twist of the NHC ligands in the iridium complexes is corroborated by NMR 
spectroscopy. Complexes (S,S)-93a,f, (R,R)-93a and (S,S)-94a necessarily show two 
different a-methine signals in their IH NMR spectra (for example, (S,S)-93a: ~ 6.56,5.78; 
(S,S)-94a: ~ 5.97, 5.22) that correlate to two distinct carbon atoms «S,S)-93a: ~ 59.4, 
58.2; (S,s)-94a: ~ 60.1, 59.2, Figure 10 and Figure 11). 
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Figure 8. ORTEP plot of (R,R)-93a at 50% probability. 
Figure 9. ORTEP plot of (S,S)-93f at 50% probability. 
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a - methine protons 
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Figure 10. IH_13C HSQC experiment of complex (S,S)-93a. 
a - methine protons 









6.0 5.5 5.0 4.5 4.0 3.5 ppm 
Figure 11. IH_13C HSQC experiment of complex (S,S)-94a. 
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2.2.3 Transfer Hydrogenation of Acetophenone and Its Derivatives Using NHC-Ir 
Catalysts 
Transfer hydrogenation of ketones is an attractive approach for generating secondary 
alcohols from a hydrogen source other than hydrogen gas. Metal complex catalytic 
transfer hydrogenation is widely applied in industry and organic synthesis, in part 
because of the inconvenience of hydrogen. 102 A proposed mechanism for transfer 
hydrogenation of a ketone from i-PrOH to an alcohol using bidentate NHC-Ir complexes 
as catalysts and KOH as a co-catalyst was presented by Crabtree in 2004.103 i-PrOH is 
deprotonated by KOH to give an i-PrO-Ir species i. Beta-elimination of i-PrO-Ir species i 
affords an iridium hydride intermediate ii which attacks the substrate ketone to form 
intermediate iii. Proton migration from Ir to the ketone gives intermediate iv. Alkoxide 
exchange with i-PrOH forms the product and re-generates the i-PrO-Ir species i which 

































Scheme 34. Proposed mechanism for NHC-Ir catalyzed transfer hydrogenation. 
To establish the feasibility of this reaction, complexes 89, 91, (S,S)-93a and (S,S)-93f 
were tested in transfer hydrogenation of acetophenone and its derivatives. The reactions 
were carried out using 1 mol % catalyst in the presence of KOt-Bu in i-PrOH at 70°C 
and the overall excellent yields (87-98%) demonstrated the good catalytic activities of the 
catalysts. However, the chiral catalysts generally showed low enantioselectivities. The 
highest ee (18%) was obtained when 4'-methylacetophenone was used as a substrate and 
(S,S)-93f as the catalyst. As a comparison, Chung's diferrocenyl catalyst 88 gave up to 
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52% ee for similar transformations. Interestingly, the sense of chiral induction was 
different for catalyst (S,S)-93a, which gave an S-configurated product, while (S,S)-93f 
gave an R-configurated product in the reduction of 4'-methylacetophenone to the 
corresponding alcohol (Scheme 35). 
~ RN i-PrOH, 70 0 , 72 h 
OH 
~ RN 1 mol % cat., KOt-8u • 
44a-d 47a-d 
R Substrate Catalyst Product yld, % Optical purity1 or ee2, % 
H 44a 89 47a 99 NA 
H 44a 91 47a 98 NA 
H 44a (S,S)-93a 47a 92 4(5)1 
CI 44b 89 47b 92 NA 
CI 44b 91 47b 90 NA 
CI 44b {S,S)-93a 47b 91 5(5)1 
OMe 44c (S,S)-93a 47c 87 3(5)1 
CH3 44d (S,S)-93a 47d 91 1(5)2 
CH3 44d (S,S)-93f 47d 90 18(R)2 
Scheme 350 Transfer hydrogenation of 44a-d. 
202.4 Hydrogenation of Methyl-2-acetamidoacrylate and trans-Methyl-
a-acetamidocinnamate 
The importance in modem chemistry of hydrogenation, especially asymmetric 
iridium catalyzed hydrogenation, is well-recognized. 104 Despite the numerous studies that 
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have addressed the possible mechanism of the iridium-catalyzed asymmetric 
hydrogenation of olefins including those of Burgess' 105 or Brandt' s 106 proposed I~II _ Ir v 
catalytic cycle and Chen'sl07 ~ - Irill pathway, the mechanism remains far from 
understood. "Any selectivity model based on the information collected to date should be 
considered with caution." 108 
Six monodentate NHC-Ir catalysts 89, 91, 92, (S,s)-93a, (S,s)-93f and (S,s)-94a 
were employed in the hydrogenation of methyl-2-acetamidoacrylate 36a and 
trans-methyl-a-acetamidocinnamate 36b (Scheme 35). The neutral iridium catalysts 
(S,s)-93a, cationic catalysts 92 and (S,s)-94a showed much better catalytic activities 
than other complexes (yields: 93-99%). Complex (S,s)-93a proved to be the most 
selective catalyst for this transformation, providing 36a and 36b in moderate to very good 
enantiomeric purities (37a: 81% ee; 37b: 48% ee, R configuration). The result using 
(S,s)-93a compares favorably to that reported by Herrmann and co-workers (67% ee for 
37a), which represented the best results obtained with monodentate bis-isoquinoline 
derived NHC-iridium complex 86.76 The yield of the (S,s)-93f catalyzed hydrogenation 
was improved by performing the reaction at 50°C, but at the expense of selectivity (22% 
ee). In addition, it was found that the sense of chiral induction was reversed using the 
cationic catalyst (S,s)-94a, which provided (S)-37a preferentially in 23% ee. A similar 
reversal of selectivity was observed upon hydrogenation of 
trans-methyl-a-acetamidocinnamate (36b, R = Ph), in which catalyst (S,s)-93a gave 37a 
as an S configurated product in 41% ee, while (S,s)-94a provided 37a as an R 
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configurated one in 25% ee. The bulkier 2,9-diferrocenyl catalyst (S,s)-93f required a 















36a (R = H) 
36b (R = Ph) 
cat. (mol %) P, bar 
89 (3) 69 
91 (3) 69 
92 (2) 50 
(S,S)-93f (3) 69 
(S,S)-93f (3) 69 
(S,S)-93a (3) 69 
(S,S)-94a (2) 50 
89 (3) 69 
{S,S)-93f (3) 69 
(S,S)-93a (3) 69 
(S,S)-94a (2) 50 
a Reaction performed at 50°C 
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Scheme 36. Hydrogenation of 36a-b using NHC-Ir catalyst. 
2.2.5 Hydrogenation of (E)-N-(l-phenylethyJidene)benzenamine 
As a trial experiment, (E)-N-(1-phenylethylidene)benzenamine 96 was reduced with 
cationic phosphino-NHC complexes 92 and (S,s)-94a. Notably, achiral complexe 95 
reported by Crabtree have been effective at catalyzing this transformation. 109 
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Encouragingly reduction of imine 96 with 92 and (S,s)-94a gave the excellent yield in 50 




2 mol % cat., 50 bar H2 H3C Ph 








Scheme 37. Hydrogenation of96 using cationic catalysts. 
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3. Conclusions and Future work 
During the synthesis of chiral benzimidazolylidene ligands derived from 
1,1O-phenanthroline, an effective and simple method for reduction of 
2,9-diaryl-l, 10-phenanthrolines using sodium metal in absolute alcohol was discovered 
and gave the mixture of raclmeso bulky substituted octahydrophenanthroline products in 
relatively good yields (>70%). 
Several air-stable neutral and cationic phenanthroline-derived benzimidazolylidene-
iridium complexes were synthesized. Spectroscopic and crystallographic data indicate the 
likelihood that the principal plane of the NRC ligand in achiral complexes 91 and 92 is 
positioned orthogonally to the Ir-Cl or Ir-P bond, while the NRC ligands in the 
corresponding chiral complexes are twisted with respect to the Ir-Cl bond by a torsion 
angle that appears to depend on the size of the 2,9-substituents. All of the new achiral and 
chiral complexes showed varying degrees of catalytic activity and enantioselectivity 
toward transfer hydrogenation of acetophenone and its derivatives and hydrogenation of 
acetamidoacrylates, with the best results being achieved using (S,s)-93a (97% yield, 81 % 
ee) for hydrogenation of 36a (R = R), which to the best of our knowledge is the highest 
ee observed to date using a chiral monodentate NRC-Ir complex of any type. The results 
seem to indicate that our catalysts behave more similarly to other annulated NRC-Ir 
catalysts (for example, 86) than to acylic benzimidazolylidene-Ir complexes. 
In the future more C2-symmetric benzimidazolium salts derived from 
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2,9-disubstituted phenanthrolines will be synthesized, especially for the appropriate size 
substituents (for example, parabiphenyl group). Those chiralligands will be expected to 
provide an increased enantiose1ectivity in asymmetric transformations. 
Recently, more bidentate chiral NHCIN and NHCIP ligands and their metal 
complexes (for example, 35 and 40) were developed and demonstrated excellent 
enantioselectivities. Based on these results, a chiral bidentate NHCIN ligand derived from 
1,10-phenanthroline which can be synthesized in several steps is certainly worthy to be 
tested in asymmetric transformations. For example, our group is developing a way to 
make 98 in enantiomerically enriched form. Thus, addition of planar chiral 98 to 52 gives 
99, which upon reduction will give two optically enriched diastereomers. Separation and 
ring closure will provide bidentate NHC 101 for use in iridium catalysis. 
NMe2 Q--Li reduction 
+ I Fe ------------- .... 
~ 















two major diastereomers 
Scheme 38. Proposed synthetic route for a chiral bidentate benzimidazolium salt. 
In addition, the hydrolysis of ureas 65b,c (R= n-Bu, Me) needs to be followed up 
using schwartz's reagent or stepwise treatment with PhLi and then Schwartz's reagent. 
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4. Experimental 
General. All reagents were purchased from commercial sources and used as received 
unless otherwise indicated. Tetrahydrofuran (THF) was freshly dried and distilled over 
sodiumlbenzophenone ketyl under an atmosphere of nitrogen. Dichloromethane and 
hexane were distilled over CaH2 under an atmosphere of nitrogen. All reactions were 
performed under argon in flame- or oven-dried glassware using syringe-septum cap 
techniques or Schlenk conditions unless otherwise indicated. Column chromatography 
was performed on silica gel 60 (70-230 mesh) or neutral alumina. NMR spectra were 
obtained on a Broker Avance 300 or 600 MHz instrument and are referenced to TMS or 
to the residual proton signal of the deuterated solvent for 1 H spectra, and to the carbon 
multiplet of the deuterated solvent for BC spectra according to published values. 
Pressurized reactions were performed with a Parr 4760 bomb. Enantiomeric ratios were 
determined on an Agilent 1100 series HPLC at A = 254 urn with a Chiralcel OD-H 
column, or on a Hewlett-Packard 6890 GC with a Chirasil DEX-CB column, and were 
compared against racemic material. FT-IR spectra were obtained on an AT! Mattson 
Research Series spectrometer as KBr pellets for solids or on KBr discs for liquids. 
Optical rotations were measured on a Rudolph Research Autopol III automatic 
polarimeter. Mass spectra were obtained on an MSIlKratos Concept I S Mass 
Spectrometer. Combustion analyses were performed by Atlantic Microlab Inc., Norcross, 
GA. Melting points were determined on a Kofler hot-stage apparatus and are uncorrected. 
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2-(2-Methoxyphenyl)-1,10-phenanthroline (74d) 
The solution of 1,1O-phenanthroline (1.0 g, 5.55 mmol) in 
dry toluene (20 mL) at O°C under Argon was treated with the 
solution of 2-lithioanisole, prepared from 2-bromoanisole 
(3.17 g, 17 mmol) and freshly cut lithium (260 mg , 34 mmol) in diethyl ether (25 mL). 
The resulting red-brown solution was allowed to warm to room temperature then stirred 
for 16 h. Water (25 mL) was added cautiously and the deep yellow organic layer was 
separated, the remaining aqueous layer was extracted with CH2Ch (3x12 mL). The 
combined organic layer was treated with Mn02 (4 g, 34.8 mmol) and stirred for 1.5h, 
after which anhyd MgS04 was added, and stirring continue for an additional 30 min. The 
resulting mixture was filtered and concentrated in vacuo. Column chromatography (Silica 
gel, 5:95 MeOH/CH2Ch, Rr 0.20) gave 74d in 50% yield as a yellow solid. Mp: 87-89 
°C (MeOHlCH2Ch); IH NMR (300MHz, CDCh): J 9.20 (d, IH, J=1.6Hz), 8.22 (d, 2H, 
J=1.8Hz), 8.16 (s, 1H), 8.12 (m, 1H), 7.84-7.76 (m, 2H), 7.63-7.59 (m, 1H), 7.43 (m, IH), 
7.15 (m, IH), 7.02 (d, IH, J=8.4Hz), 3.87 (s, 3H); 13C NMR (75.5 MHz, CDCh): J 157.2, 
157.0, 150.3, 146.4, 140.1, 135.9, 135.2, 132.4, 130.2, 129.9, 128.7, 127.3, 126.4, 126.0, 
125.2, 122.6, 121.4, 111.3,55.7; ElMS [mlz (%)]: 286 (M+, 4), 255(11), 61(100); HRMS 
(EI) calcd for CI9H14N20: 286.1106; found 286.1110. 
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2, 9-Di(2-methoxyphenyl)-1,10-phen3nthroline (54d) 
The solution of 2-(2-methoxyphenyl)-1,1O 
-phenanthroline 74d (1.34 g, 4.68 mmol) in dry 
toluene (35mL) at O°C under Argon was treated with 
the solution of 2-1ithioanisole, prepared from 2-bromoanisole (2.41 g, 12.8 mmol) and 
freshly cut lithium (178 mg, 25.6 mmol) in diethyl ether (15 mL). The resulting dark 
solution was allowed to warm to room temperature then stirred for 24 h. Water (25 mL) 
was added cautiously and the brown organic layer was separated, the remaining aqueous 
layer was extracted with CH2Ch (4xlOmL). The combined organic layer was treated with 
Mn02 (3.5 g, 30.5 mmol) and stirred for 1.5h, after which anhyd MgS04 was added, and 
stirring continue for an additional 30 min. The resulting mixture was filtered and 
concentrated in vacuo. Column chromatography (Silica gel, I: 1 :98 Et3N/MeOHlCH2Ch, 
Rf 0.31) gave 54d in 87% yield as a yellow solid. Mp: 198-199 DC (CH2ChIMeOH); IR 
(KBr) Vmax 3095, 3010, 2922, 2852, 1579 cm-I; IH NMR (300MHz, CDCh): ~ 8.28 (d, 
2H, J=6Hz), 8.24-8.20 (dd, 4H, J=I1.1, 8.4Hz), 7.79 (s, 2H), 7.45-7.39 (m, 2H), 
7.24-7.19 (t, 2H, J=7.5Hz), 7.04 (d, J=8.1Hz), 3.89(s, 6H); BC NMR (75.5 MHz, CDCh): 
~ 157.6, 156.2, 146.2, 135.2, 132.5, 130.2, 129.8, 127.4, 125.9, 124.8, 121.3, 111.5,55.8; 
ElMS [mlz (%)]: 392 (M+, 30), 196(9), 84(100); HRMS (EI) calcd for C26H20N202: 
392.1525; found 392.1529. 
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2,9-Di(2-methylphenyl)-1,lO-phenanthroline (54e) 
A solution of 1,10-phenanthroline (360 mg, 2.0 mmol) 
in dry PhMe(10 mL) at 0 ° C under Argon was treated 
with the solution of 2-lithiotoluene, prepared from 
2-bromotoluene(2.05 g, 12 mmol ) and freshly cut lithium (250 mg, 36 mmol) in 12mL 
Et20. The resulting dark red solution was warmed up to 35°C and stirred for 20h, cooled 
to O°C , work-up by addition of water (9 mL). The organic layer was separated and the 
remaining aqueous layer was extracted with CH2Clz (3x8mL). The combined organic 
layer was treated with Mn02 (1.4 g, 16.1 mmol) and stirred for 1.5h, after which anhyd 
MgS04 was added, and stirring continued for an additional 30 min. The resulting mixture 
was filtered and concentrated in vacuo. Column chromatography (silica gel, 1:3 
EtOAclHexane, Rr 0.28) afforded 54e (540 mg, 75%) as a yellow solid; mp: 76-77 °C 
(EtOAc/Hexane); IH NMR (300MHz, CDCh): b 8.32 (d, 2H, J=8.1Hz), 7.85-7.81 (m, 
4H), 7.61-7.60 (m, 2H), 7.32-7.24 (m, 6H), 2.60 (s, 6H); 13C NMR (75.5 MHz, CDCh): b 
160.0, 145.6, 140.6, 136.8, 131.0, 130.3, 128.3, 127.0, 126.0, 125.7, 123.7, 20.7: ElMS 
[mlz (%)]: 360 (M+, 3), 179(2),43(100); HRMS (EI) calcd for C26H20N2: 3601627; found 
360.1621. 
2,9-Diferrocenyl-l,lO-phenanthroline (541). 
Method A. To a dry flask under inert atmosphere (glovebox) 
was added lithioferrocene (1.60 g, 8.32 mmol) and hexane (15 
I I 
Fe Fe $ $ 
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mL). A solution of 1,1O-phenanthroline (515 mg, 2.78 mmol) in THF (5 mL) was then 
transferred by cannula to the mixture of lithioferrocene and the resulting dark, almost 
black mixture was heated at 60°C for 10 h. A solution ofDDQ (693 mg, 3.05 mmol) in 
THF (2 mL) was transferred by cannula to the reaction mixture, and the whole was 
heated at 50°C for 20 min before cooling to room temperature. The crude reaction 
mixture was filtered through a pad of neutral alumina, eluting with CH2Clz. To the orange 
filtrate was added neutral alumina, and the solvent was removed on a rotary evaporator. 
Column chromatography of the pre-adsorbed material (neutral alumina, 70.2:29:0.5:0.3 
hexane/CH2ClzlEt3NlMeOH) gave, sequentially, 2,9-diferrocenyl-l, 1 O-phenanthroline 
54f (459 mg, 30%, Rf 0.23) and 2-ferrocenyl-l,10-phenanthroline 74f (312 mg, 31%, Rf 
0.19) as an red-orange solid. 
Method B. A solution of 2-ferrocenyl-l,1O-phenanthroline 74f (265 mg, 0.73 mmol) in 
THF (5 mL) was transferred by cannula to a stirred suspension of lithioferrocene (280 mg, 
1.46 mmol) in hexane (15 mL) and stirred at room temperature for 90 min. A solution of 
DDQ (181 mg, 0.80 mol) in THF (2 mL) was transferred by cannula to the reaction 
mixture and the almost black mixture was stirred for 20 min. The crude reaction mixture 
was filtered through a pad of neutral alumina, eluting with CH2Clz. To the orange filtrate 
was added neutral alumina, and the solvent was removed on a rotary evaporator. Column 
chromatography of the pre-adsorbed material (neutral alumina, 70.2:29:0.5:0.3 
hexane/CH2ClzlEt3NlMeOH) gave 2,9-diferrocenyl-l, 1 O-phenanthroline 54f (259 mg, 
65%, Rf 0.23) as an red-orange solid. Mp: >250 °C (CH2Clzlhexane); IR (KBr) Vmax 3090, 
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2955, 2923, 2853, 1504 em-I; IH NMR (300 MHz, CDCh) () 8.10 (d, 2H, J = 8.4 Hz), 
7.75 (d, 2H, J= 8.4 Hz), 7.68 (s, 2H), 5.26 (t, 4H, J= 2.1 Hz), 4.52 (t, 4H, J= 1.8 Hz), 
4.11 (s, lOH); BC NMR (75.5 MHz, CDCh) () 159.4, 145.7, 135.6, 127.2, 125.2, 120.6, 
84.7, 70.3, 69.7, 68.6, 68.4; ElMS [mlz(%)] 548 (M+, 55), 483 (40), 84 (100); HRMS 
raclmeso-2,9-Dipbenyl-l,2,3,4, 7,8,9,lO-octabydro-l,lO-pbenantbroline (56a). 
~ A mixture of 2,9-diphenyl-l,10-phenanthroline (3.00 g, 9.03 
p>-N~-<h mmol) in abs. EtOH (150 mL) and THF (15 mL) was warmed 
gently to dissolve the starting material and then cooled to room temperature. Sodium 
metal (10.5 g, 0.46 mol) was added in six portions over 1 h. The reaction mixture was left 
for an additional 3.5 h to allow gas and heat evolution to subside. Any remaining large 
pieces of sodium were removed, water (60 mL) was added to the ice-cooled solution, and 
the bulk of the organic solvents were removed on a rotary evaporator. The resulting 
mixture was extracted with CH2Ch (3 x 30 mL) and the combined organic layer was 
washed with water and brine, dried over anhyd. N a2S04, filtered and concentrated under 
reduced pressure. Column chromatography of the pre-adsorbed crude product (silica gel, 
95:3:2 hexanelEtOAclEt3N) gave 56a (2.15 g, 72%), a colorless solid, as a 1:1 mixture of 
rac and meso isomers; IH NMR (300 MHz, CDCb) () 7.45-7.28 (m, lOH), 6.56 (s, 2H), 
4.42-4.41 (m, IH), 4.38 (s, IH), 3.53 (b, IH), 3.42 (b, IH), 3.02-2.94 (m, 2H), 2.81-2.72 
(m, 2H), 2.16-1.99 (m, 4H); BC NMR (75.5 MHz, acetone-d6) () 146.3, 132.8, 129.0, 
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127.7, 127.4, 119.6, 118.9, 57.0, 31.4, 26.9; ElMS [mlz(%)] 340(M+, 54); HRMS (EI) 
calcd for C24H24N2: 340.1939; found 340.1942; 
racimeso-2,9-Di(2-methoxyphenyl)-1,2,3,4,7,8,9,10-octahydro-l,10-phenanthroline 
(56d)A solution of 2,9-di(2-methoxyphenyl)-
1,1O-phenanthroline 54d (655 mg, 1.67 mmol) in HOAc 
(7 mL) and MeOH (3 mL) was treated with NaBH3CN 
(675 mg, 10.7 mmol) carefully then the red mixture was 
heated to reflux. After 2h, an additional 675 mg NaBH3CN was added. The process was 
repeated every 2h for 4 more hours (total 2.7 g, 42 mmol NaBH3CN was added). The 
solution was cooled to room temperature and the majority of the methanol was removed 
in vacuo. The resulting mixture was treated with 6M aq NaOH (30 mL) and the mixture 
was extracted with CH2Cb (3x1O mL). The combined organic extract was washed with 
water, brine, dried by anhyd Na2S04, filtered, and concentrated in vacuo. Column 
chromatography (Silica gel, 1 :9:90 Et3NlEt20/Hexane, Rr0.22) gave diamine 56d (240 
mg, 36%) as a yellow solid; mp: 170-171°C (Et20/Hexane); IR (KBr) Vrnax 3407,3012, 
2998, 2920, 2833, 1581, 1488, 1238cm-l ; IH NMR (300 MHz, CDCh) ~ 7.57 (d, 2H, 
J=6.6Hz), 7.31 (m, 2H), 7.02-6.92 (m, 4H), 6.58 (s, 2H), 4.86 (d, 2H, J=7.8Hz), 3.90 (s, 
6H), 3.68 (bd, 2H), 3.10-3.00 (m, 2H), 2.82':2.74 (m, 2H), 2.23-2.20 (m, 2H), 2.06-2.00 
(m, 2H); BC NMR (150.9 MHz, CDCh) ~ 156.6, 133.1, 132.9, 127.9, 126.9, 120.7, 120.0, 
118.7, 110.2, 55.3, 49.7, 28.7, 26.9; ElMS [mlz (%)]: 400 (M+, 76), 159(17), 56(100); 
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HRMS (EI) calcd for C26H2SN202: 400.2151; found 400.2153. 
2,9-Di(2-methylphenyl)-1,2,3,4-tetrahydro-l,1 O-phenanthroline (75e) 
2,9-di(2-methylphenyl)-I, 1 O-phenanthroline 54e 
(100mg,0.27mmol), diethyl-l,4-dihydro-2,6-dimethyl 
pyridine-3,5-dicarboxylate (255mg, 1.67mmol) and TFA 
(3mg, 2.23mmol) were dissolved in dry benzene (6 mL). The orange solution was stirred 
at 60 ·C under Argon for 72h. The reaction mixture was concentrated in vacuo. Column 
chromatography (Silica gel, 3: 97 EtoAc!Hexane, Rf 0.19) gave 75e (100 mg, 98%) as a 
yellow solid. Mp: 136-138 ·C (EtOAc!Hexane); IH NMR (300 MHz, CDCb) J 8.14 (m, 
IH), 7.57 (m, 3H), 7.35-7.28 (m, 4H), 7.14 (b, 3H), 7.12 (d, IH, J=8.1Hz), 6.37 (b, IH), 
4.94 (m, IH), 3.19-3.09 (m, IH), 2.99-2.92 (m, IH), 2.52 (s, 3H), 2.48 (s, 3H), 2.33-2.28 
(m, IH), 2.16-2.08 (m, IH); 13C NMR (75.5 MHz, CDCh) J 156.6, 142.7, 141.1, 136.6, 
135.9, 134.5, 130.8, BOA, 130.0, 128.6, 128.1, 126.9, 126.1, 125.8, 125.7, 121.7, 116.1, 
112.9, 51.5, 28.8, 26.2, 20.8, 19.0; ElMS [mlz(%)] 364 (M+, 100), 273 (53), 182 (12); 
HRMS (EI) calcd for C32H24Nl6Fe2: 360.1627; found 360.1615 
racimeso-2,9-Di(2-methylphenyl)-1,2,3,4,7,8,9,lO-octahydro-l,lO-phenanthroline 
(56e) 
The solution of 2,9-di(2-methylphenyl)-1, 10-
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phenanthroline 54e (30mg, 0.083 mmol) in abs. EtOH (3 mL) was added sodium metal 
(114mg, 4.9 mol) in 3 portions over 1 h. The reaction mixture was refluxed for Ih till 
sodium was consumed. The yellow solution was cooled to 0 °c and water (5 mL) was 
added to the solution. The resulting mixture was extracted with CH2Ch (3 x 3 mL) and 
the combined organic layer was washed with water and brine, dried over anhyd. Na2S04, 
filtered and concentrated under reduced pressure. Column chromatography (silica gel, 
98.5:1.5 hexanelEhO, Rf 0.20) gave diamine 56e (27mg, 88%), a yellow solid, as a 
mixture of rac/meso isomers; mp: 170-171 °c (Hexane/ Et20); IH NMR (300 MHz, 
CDCb) ~ 7.62 (d, 2H, J=6.3Hz), 7.28 (m, 6H), 6.39 (s, 2H), 4.69 (d, 2H, J=6.3Hz), 3.57(b, 
2H), 3.14-3.03 (b, 2H), 2.87-2.82 (b, 2H), 2.45 (2, 6H), 2.14(b, 2H), 1.97 (b, 2H); BC 
NMR (150.9 MHz, CDCb) ~ 142.6, 134.9, 133.0, 130.5, 127.0, 126.4, 126.2, 120.0, 
119.0, 52.9, 29.7, 27.3, 19.1; ElMS [mlz(%)] 368 (M\ 100), 275 (9), 159 (19); HRMS 
(EI) calcd for C26H2sN2: 368.2253; found 368.2248. 
raclmeso-2,9-Ferrocenyl-l,2,3,4, 7 ,8,9,1 O-octahydrophenanthroline (56t). 
q;o ~ /; NH HN 
Fe Fe 
To a solution of 2,9-diferrocenyl-l,10-phenanthroline 54f (806 
mg, 1.47 mmol) in THF (300 mL) and I-PrOH (150 mL) was added 
a chunk of sodium metal (4.06 g, 176 mmol) and the mixture was 
heated to reflux until the sodium was consumed (5 h). Most of the solvent was removed 
on a rotary evaporator and water (100 mL) was added. The aqueous mixture was 
extracted with CH2Ch (3 x 20 mL), dried over anhyd. Na2S04, filtered and concentrated 
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under reduced pressure. Column chromatography (silica gel, 91:8:1 hexane/Et20/EhN, Rr 
0.23) gave 56f (622 mg, 76%), an orange solid, as a 1:1 mixture ofrac and meso isomers. 
The mixture obtained in this way was of sufficient purity for resolution; mp 143-146 °C; 
IH NMR (300 MHz, CDC h) 6 6.38 (s, 2H, meso) 6.37 (s, 2H, dl), 4.38-4.37 (m, 2H), 
4.34-4.32 (m, 4H), 4.30 (s, lOH, dl), 4.29 (s, lOH, meso), 4.20-4.08 (m, lOH), 3.94 (b, 
2H), 3.89 (b, 2H), 2.91-2.77 (m, 8H), 2.70-2.60 (m, 4H), 2.18-2.06 (m, 4H), 1.79-1.66 (m, 
4H); BC NMR (75.5 MHz, CDCh) 6 133.6, 120.6, 120.4, 119.5, 119.3,94.5, 94.0, 69.2, 
68.6, 68.5, 68.1, 67.9, 67.3, 67.2, 67.0, 66.8, 52.5, 52.0, 31.9, 31.0, 27.6, 27.3; ElMS 
[mlz(%)] 556 (M+, 65), 548 (100), 483 (85); HRMS (EI) calcd for C32H3l6Fe2N2: 
556.1264; found 556.1270. 
Resolution of rae/meso 57a. 
A solution of raclmeso 57a (1.68 g, 4.93 mmol) and dimethylaniline (3.4 mL, 27 
mmol) in CH2Ch (17 mL) under argon was treated with PCh (0.43 mL, 4.93 mmol) 
added dropwise by syringe. The resulting yellow solution darkened and evolved heat for 
15 min, at which point a reflux condenser was attached and the mixture heated to reflux 
under argon. After 1 h, (-)-menthol (770 mg, 4.93 mmol) was added in one portion from 
the top of the condenser and reflux was continued. After an additional 1 h, S8 (1.58 g, 
49.3 mmol) was added in one portion and the mixture was refluxed for an additional 25 
min. The solvent was removed in vacuo and the residue was suspended in 8M aq. HCI 
(32 mL). The aqueous phase was extracted with EtzO (3 x 40 mL), and the combined 
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organic extract was dried over anhyd. NaZS04, filtered, and concentrated in vacuo. 
Column chromatography (silica gel, first with hexanes to remove S8, then 96:4 
hexanes/EtOAc, Rr 0.30) gave rae/meso 57a (1.76 g, 64%), a pale yellow solid, as an 
approximately 1:1:1 mixture of three stereoisomers as determined by 31p NMR [J 69.7 
«S,s)-57a), J 66.4 «R,R)-57b), J 64.4 (meso-57c)]. The mixture of diastereomers was 
suspended in abs. MeOH (75 mL) and heated to reflux for 4 h. Hot filtration of the 
mixture afforded the pure (S,s)-57a diastereomer (450 mg). The filtrate was evaporated 
to dryness and 269 mg was taken up in EtzO and pre-adsorbed on silica gel. Careful 
column chromatography (silica gel, 99.4:0.6 hexane/EtzO) afforded, sequentially and 
meso-57a (97 mg) and (R,R)-57a (68 mg). 
(S,s)-57a. pale yellow solid; mp 235-237 °C (pentane/CHzClz) 
(lit. mp 225-227 °C (pentane/CHzClz»; [a]Dzo -252 (c 1.00, CHCh); 
3lp NMR (121.5 MHz, CDCh) J 69.7; IH NMR (300 MHz, CDCh) J 
7.31-7.11 (m, 10H), 6.57 (s, 2H), 5.34-5.28 (m, IH), 5.18-5.13 (m, 
IH), 4.20 (qd, IH, J = 10.5,4.2 Hz), 2.62-2.57 (m, IH), 2.52-2.39 (m, 2H), 2.34-2.06 (m, 
5H), 1.60-1.58 (m, 2H), 1.47-1.35 (m, 2H), 1.18-1.07 (m, IH), 1.02-0.98 (m, IH), 0.94 (d, 
3H, J = 6.9 Hz), 0.88-0.67 (m, 3H), 0.30 (d, 3H, J = 6.9 Hz), 0.25 (d, 3H, J = 6.9 Hz); 13C 
NMR (150.9 MHz, CDCh) J 142.9, 141.3, 128.5, 128.4, 128.1, 127.1, 127.0, 126.4, 
126.3, 117.85, 117.82, 117.25, 117.21, 116.8, 116.7,80.9 (d, }3C_3Ip = 8.8 Hz), 52.69, 
52.66,47.31,47.25,44.2,33.9,31.5,30.3,30.2,29.9,29.87, 24.4, 22.3, 22.2, 20.9, 19.52, 
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19.48, 15.2; ElMS [mlz(%)] 556 (M+, 12),418 (100); HRMS (EI) ealed for C34H4IN20PS: 
556.2677; found 556.2673. 
(R,R)-57a. pale yellow solid; mp 119-121 DC 
(pentane/CH2Ch); [a]D20 +141 (c 1.00, CHCh); IR (KBr) Vmax 3052, 
3030, 2950, 2923, 2866, 1473, 1290, 1161. 1110 em-I; 3Ip NMR 
(121.5 MHz, CDCh) ~ 66.4; IH NMR (600 MHz, CDCh) ~ 
7.28-7.25 (m, 4H), 7.22(d, 2H, J=7.2Hz), 7.18 (d, 2H, J=7.2Hz), 7.10 (d, 2H, J=7.8Hz), 
6.60 (m, 2H), 5.30 (s, IH), 5.13 (s, IH), 4.18-4.12(m, IH), 2.61-2.54 (m, 3H), 2.47-2.42 
(m, IH), 2.30-2.08 (m, 6H), 1.52 (m, IH), 1.43 (m, IH), 1.20 (d, IH, J=12Hz), 1.15-1.06 
(m, 2H), 0.91 (d, 3H, J = 7.2 Hz), 0.85 (d, 3H, J = 7.2 Hz), 051-0.45 (m, 4H), -0.41-
-0.47 (dd, IH, J=23.4, 12Hz); BC NMR (150.9 MHz, CDCh) ~ 143.1, 141.7, 128.54, 
128.46, 128.1, 127.01, 126.98, 126.91, 126.2, 117.77, 116.96, 116.92, 116.67, 116.62, 
81.7 (d, }3C_3I p = 9.0 Hz), 52.79, 52.76, 52.25, 52.21, 47.85, 47.80, 41.5, 33.8, 30.9, 29.9 
(d, }3C_3Ip = 4.5 Hz), 29.7 (d, JBC_3Ip = 7.5 Hz), 22.6,21.8,20.9, 19.6, 19.5, 16.0; ElMS 
[mlz(%)] 556 (~, 4), 418 (19), 95 (100); HRMS (EI) ealcd for C34H4IN20PS: 556.2677; 
found 556.2673; Anal. Caled for C34H4IN20PS: C, 73.35; H, 7.42; found C, 72.82; H, 
7.61. 
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Resolutionof rae/meso 57f. 
A flame-dried flask with an attached reflux condenser containing a solution of 
raclmeso-2,9-diferrocenyl-1 ,2,3,4,7,8,9,1 O-octahydrophenanthroline 56f (700 mg, 1.26 
mmol) and N,N-dimethylaniline (838 mg, 6.92 mmol) in CH2Clz (20 mL) was stirred at 
room temperature for 10 min. To the orange solution was added a solution of freshly 
distilled PCh in solution CH2Clz (2.77 mL, 0.5 M, 1.38 mmol) slowly by syringe and the 
dark red solution heated to reflux. After 1.5 h, (-)-menthol (197 mg, 1.26 mmol) was 
added from the top of the condenser to the reaction mixture and stirring was continued at 
reflux. After an additional 40 min, S8 (402 mg, 12.6 mmol) was added and the mixture 
was heated at reflux for 75 min. The solvent was evaporated under reduced pressure and 
8 M aq. HCl (10 mL) was poured into the flask. The mixture was extracted with Et20 (3 
x 20 mL), washed with water (10 mL) and sat. aq. NaHC03 (10 mL), dried over anhyd. 
Na2S04, filtered and pre-adsorbed on silica gel on a rotary evaporator. Column 
chromatography (silica gel, first with 99:1 hexane/EtzO to elute excess S8, then 97.5:2:0.5 
hexane/Et20/Et3N) gave, sequentially (R,R)-57f (142 mg, 13%, Rr 0.27, 31p ~ 66.1), 
(S,s)-57f (120 mg, 11 %, Rr 0.24, 31p: ~ 65.3) and meso-57f (200 mg, 18%, Rr 0.17, 31p : ~ 
74.5). 
(R,R)-57f. Orange solid; mp 116-118 °C (Et20lhexanes); [a]D20 
+112.5 (c 0.80, CHCh); IR (KEr) Vmax 3092, 2950, 2924, 2865, 
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1468 em-I; 3Ip NMR (121.5 MHz, CDCh) t5 66.1; IH NMR (300 MHz, CDCb) t5 6.55 (d, 
IH, J= 7.8 Hz), 6.50 (d, IH, J= 7.8 Hz), 5.06-5.03 (m, IH), 4.90-4.87 (m, IH), 4.65 (8, 
IH), 4.51 (8, IH), 4.18 (8, 5H), 4.16 (8, 5H), 4.14 (m, IH), 4.11 (m, IH), 4.08-4.05 (m, 
2H), 4.03 (m, 2H), 3.17-3.12 (m, IH), 2.80-2.74 (m, 2H), 2.73-2.69 (m, IH), 2.61-2.58 
(m, IH), 2.42-2.40 (m, IH), 2.12-2.09 (m, IH), 2.04-1.99 (m, IH), 1.96-1.90 (m, IH), 
1.55-1.53 (m, 3H), 1.46-1.43 (m, IH), 1.23-1.20 (m, IH), 1.04 (m, IH), 0.93-0.88 (m, 
IH), 0.84 (d, 6H, J = 7.2 Hz), 0.78 (d, 3H, J = 6.6 Hz), 0.69-0.62 (m, IH), 0.39 (q, IH, J 
= 12 Hz); BC NMR (150.9 MHz, CDCh) t5 128.80 (d, }3C_3I p = 10.6 Hz), 127.56 (d, 
}3C_3I p = 10.6 Hz), 117.88, 117.44, 117.38, 116.45 (d, JBC_3Ip = 7.5 Hz), 92.2, 89.6, 
80.45 (d, }3C_3I p = 9.1 Hz), 72.0, 71.7, 69.0, 68.8, 68.3, 68.0, 67.5, 66.8, 66.5, 65.8, 
49.4,49.2,48.25 (d, }3C_3\ = 6.0 Hz), 42.9, 34.0, 31.5, 30.5, 28.3, 25.1, 22.9, 22.7, 21.9, 
21.3, 21.0, 16.4; ElMS [mlz(%)] 772 (M+, 6), 634 (4), 57 (100); HRMS (EI) ealed for 
H, 6.39; found C, 65.27, H, 6.40. 
(S,s)-57f. Orange 8olid; mp 95-96 °c (hexanelEt20); [a]D20 
-89.7 (c 1.26, CHCh); IR (KBr) Vmax 3092, 2951, 2923, 2865, 
1600, 1468 em-I; 3Ip NMR (121.5 MHz, CDCh) t5 65.3; IH NMR 
(300 MHz, CDCh) t5 6:53 (d, IH, J= 7.8 Hz), 6.48 (d, IH, J= 7.8 
Hz), 5.11 (m, IH), 5.03 (m, lH), 4.83 (8, IH), 4.60 (8, lH), 4.20 (8, 5H), 4.18 (8, 5H), 
4.21-4.15 (m, 3H), 4.09 (m, IH), 4.07 (8, 2H), 3.68-3.56 (m, IH), 3.00-2.60 (m, 5H), 
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2.50~2.39 (m, IH), 2.12-1.96 (m, 3H), 1.53-1.36 (m, 3H), 1.10-0.96 (m, 2H), 0.83 (d, 3H, 
J = 6.9 Hz), 0.72 (d, 3H, J = 6.9 Hz), 0.61 (d, 3H, J = 8.4 Hz), 0.91-0.58 (m, 2H), 0.37 (q, 
IH, J= 11.4 Hz); BC NMR (75.5 MHz, CDCh) 6128.88 (d, }3C_31p = 11.3 Hz), 127.96 
Hz), 90.9, 88.9, 80.0, 79.8, 72.1, 72.0, 69.1, 68.8, 67.8, 67.7, 67.3, 66.8, 66.7, 66.0, 50.1, 
49.0,48.3 (d, }3C_31p = 9.0 Hz), 41.7, 33.7, 31.3, 28.8, 27.92 (d, JBC_31p = 6.8 Hz), 25.3, 
23.2,23.0,22.0,21.3, 16.5; ElMS [mlz(%)] 772 (M+, 100),634 (55), 503 (46),383 (49), 
317 (29); HRMS (EI) ea1ed for C42H49Fe2N20PS: 772.2001; found 772.1990. 
meso-57f. Orange solid; mp 235-236 °c (Et20); [a]D20 -0.5 (c 
1.0, CHCh); IR (KBr) Vmax 3082, 3039, 2922, 2866, 1593, 1464 
em-I; 31p NMR (121.5 MHz, CDCh) 6 74.5; IH NMR (600 MHz, 
CDCh) 6 6.53 (s, 2H), 4.85 (m, IH), 4.77-4.75 (m, 3H), 4.21 (m, 
IH), 4.18 (s, 5H), 4.17 (s, 5H), 4.16 (m, IH), 4.12 (m, 2H), 4.10 (m, IH), 4.08 (m, IH), 
3.00-2.87 (m, 3H), 2.81-2.78 (m, 2H), 2.53-2.52 (m, 2H), 2.35 (m, IH), 2.27 (m, IH), 
1.68 (m, IH), 1.34-1.27 (m, 3H), 0.83 (m, IH), 0.65 (d, 3H, J = 7.2 Hz), 0.63 (m, IH), 
0.54 (d, 3H, J = 6.0 Hz), 0.53-0.40 (m, 3H), 0.44 (d, 3H, J = 7.2 Hz); BC NMR (150.9 
MHz, CDCh) 6129.48 (d, }3C_31p = 13.6 Hz), 129.28 (d, }3C_31p = 12.1 Hz), 117.88 (d, 
13 31 ) 11 0 (d 13 31 ) (d 13 31 ) 9 J c- p = 7.5 Hz, 7.5 ,J c- p = 7.5 Hz ,117.48 ,J c- p = 7.5 Hz , 90.5, 8 .6, 
81.70 (d, }3c_31p = 13.6 Hz), 72.9, 72.3, 68.82, 68.77, 68.1, 67.8, 67.4, 67.3, 66.83, 66.81, 
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25.0,24.1,23.7,22.8,22.0,21.2, 16.4.; ElMS [mlz(%)] 772 (M+, 1),548 (100),483 (81); 
HRMS (EI) calcd for C42H49Fe2N20PS: 772.2001; found 772.2130; Anal. Calcd for 
C42~9Fe2N20PS: C, 65.29, H, 6.39; found C, 64.99, H, 6.38. 
(2S,9S)-Diphenyl-l,2,3,4, 7 ,8,9,1 O-octahydro-l,1 O-phenanthroline [(S, S)-56a] 
Ob ~ /; An oven-dried flask containing (S,s)-57a (160 mg, 0.29 mmol) ptf" NH HN Ph and LiAl~ (120 mg, 3.16mmol) in THF (4 mL) under argon was 
heated to reflux for 2 h. After cooling to 0 °c, the reaction mixture was treated with sat. 
aq. Na2S04 solution (2 mL) resulting in the formation of a gray precipitate. When gas 
evolution subsided, the mixture was filtered through Celite on a sintered funnel, washing 
with Et20. The filtrate was dried over anhyd. Na2S04, filtered and concentrated on a 
rotary evaporator. Column chromatography (silica gel, 96.5:3:0.5 hexanelEtOAclEt3N, Rr 
0.28) gave (S,s)-56a (84 mg, 87%) as a yellow solid; mp 151-152 °c (acetone); [a]D20 
-287 (c 1.23, acetone); IH NMR (300 MHz, acetone-d6) J 7.41 (d, 4H, J=7.2Hz), 7.29 
(m, 4H), 7.21 (d, 2H, J=8.4Hz.), 6.35 (s, 2H), 4.46-4.42 (m, 2H), 4.24 (b, 2H), 2.94-2.75 
(m, 4H), 2.64 (m, 2H),1.97-1.88 (m, 2H); BC NMR (75.5 MHz, acetone-d6) J 146.4, 
1332, 129.0, 127.7, 127.5, 119.7, 119.0,57.2,32.1,27.3; 
(2R,9R)-Diphenyl-l,2,3,4, 7 ,8,9,1 O-octahydro-l,10-phenanthroline [(R, R)-56a] 
75 
~ According to the same procedure with {S,S)-56a, {R,R)-57a 
pI-NON-{Ph (390 mg, 0.70 mmol) reacted with LiAIlL( (294 mg, 7.7mmol) in 15 
mL THF to give {R,R)-56a (204 mg, 86%) as a yellow solid. Mp 146-148 °c (acetone); 




An oven-dried flask containing {S,S)-57f (129 mg, 0.167 
mmol), LiAIH4 (317 mg, 8.36 mmol) in THF (8 mL) under argon 
was heated to reflux for 16 h. After cooling to 0 °c, the reaction 
mixture was treated with sat. aq. Na2S04 solution (2 mL) resulting in the formation of a 
gray precipitate. When gas evolution subsided, the mixture was filtered through Celite on 
a sintered funnel, washing with EtzO. The filtrate was dried over anhyd. Na2S04, filtered 
and concentrated on a rotary evaporator. Column chromatography (silica gel, 91.5:8:0.5 
hexane/Et20lEt3N, Rf 0.26) gave {S,S)-56f (79 mg, 84%) as an orange solid; mp 
155-156 °c (acetone); [a]D20 +291 (c 1.25, acetone); IR (KBr) Vmax 3317, 3089, 2919, 
2838, 1468, 1104 cm-I; IH NMR (300 MHz, acetone-~) t5 6.37 (s, 2H), 4.39-4.37 (m, 
2H), 4.34-4.32 (m, 2H), 4.30 (s, 10H), 4.20-4.11 (m, 6H), 3.94 (b, 2H), 2.91-2.78 (m,2H), 
2.69-2.60 (m, 2H), 2.14-2.08 (m, 2H), 1.77-1.64 (m, 2H); BC NMR (75.5 MHz, 
acetone-d6) t5 133.6, 120.4, 119.3, 94.0, 69.3, 68.6, 67.9, 67.2, 66.8, 52.5, 31.9, 27.6; 
FABMS [mlz(%)] 556 (~, 50), 55 (100); HRMS (FAB) calcd for C32H3l6Fe2N2: 
556.1264; found 556.1260; Anal. Calcd for C32H32Fe2N2: C, 69.09, H, 5.80; found: C, 
68.51, H, 5.61. 
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~ ~ 0 NH HN '-:.. Fe Fe (-)-(2R,9R)-2,9-Ferrocenyl-1,2,3,4, 7 ,8,9,1 O-octahydrophenanthro line [(R,R)-56f]. 
An oven dried flask containing (R,R)-57f (86 mg, 0.11 mmol) 
and LiAIH4(211 mg, 5.57 mmol) in THF (5 mL) was heated to reflux for 16 h. After 
cooling to 0 °c, the reaction mixture was treated with sat. aq. NaZS04 solution (2 mL) 
resulting in the formation of a gray precipitate. When gas evolution subsided, the mixture 
was filtered through Celite on a sintered funnel, washing with EtzO. The filtrate was dried 
over anhyd. NaZS04, filtered and concentrated on a rotary evaporator. Column 
chromatography (silica gel, 91.5:8:0.5 hexane/EtzOlEt3N, Rr 0.26) gave (R,R)-56f (46 mg, 
75%) as an orange solid; mp 154-155 °c (acetone); [a]Dzo -300 (c 1.13, acetone); BC 
NMR (75.5 MHz, acetone-d6) ~ 133.6, 120.4, 119.3, 94.0, 69.2, 68.6, 67.9, 67.2, 66.8, 
52.5,31.9,27.6; ElMS [mlz(%)] 556 (M+, 47),548 (100), 483 (89); HRMS (El) calcd for 
meso-2,9-Diferrocenyl-1,2,3,4, 7 ,8,9,1 O-octahydrophenanthroline (meso-56!). 
~ ~ 0 NH HN Fe Fe An oven dried flask containing meso-57f (126 mg, 0.163 mmol) and LiAI~ (310 mg, 8.16 mmol) in THF (10 mL) was heated to 
reflux for 16h. After cooling to 0 °c, the reaction mixture was 
treated with sat. aq. NaZS04 solution (2 mL) resulting in the formation of a gray 
precipitate. When gas evolution subsided, the mixture was filtered through Celite on a 
sintered funnel, washing with EtzO. The filtrate was dried over anhyd. NaZS04, filtered 
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and concentrated on a rotary evaporator. Column chromatography (silica gel, 91.5:8:0.5 
hexane/Et20/Et3N, Rr 0.26) gave meso-56f (79 mg, 87%) as an orange solid; mp 
190-192 °c (acetone); IH NMR (300 MHz, acetone-d6) b 6.39 (s, 2H), 4.35 (m, 2H), 4.30 
(m, 2H), 4.29 (s, lOH), 4.20-4.19 (m, 2H), 4.16-4.15 (m, 2H), 4.13-4.08 (m, 2H), 3.90 (b, 
2H), 2.88-2.82 (m, 2H), 2.72-2.63 (m, 2H), 2.16-2.09 (m, 2H), 1.80-1.70 (m, 2H); BC 
NMR (75.5 MHz, acetone-d6) b 133.6, 120.6, 119.5, 94.5, 69.2, 68.5, 68.1, 67.3, 67.0, 
52.0, 31.0, 27.3; Anal. Calcd for C32H32Fe2N2: C, 69.09, H, 5.80; found: C, 68.97, H, 
5.69. 
(-)-(3S,5S)-Diphenyl-i,2,3,5,6, 7 -hexahydro-3a,4a-diaza-cyclopenta[ defJphenanthre 
nium chloride ((S, S)-58a) 
~ ~ !J A stirred solution of diamine (S,S)-56a (85 mg, 0.25 mmol) in Pt( N~~:_ Ph HC(OEt)3 (8 mL) was treated with concentrated HCl solution (21 JlL, 
0.25 mmol) under argon, and heated to 80°C. After 1 h. the septum was removed and the 
mixture heated at 80°C for an additional 2 h, then cooled to ambient temperature. Et20 
(12 mL) was added to induce precipitation of the product, which was collected on a 
Hirsch funnel, washed with cold ether and dried under high vacuum to give (S,S)-58a (82 
mg, 86%) as a beige powder; mp 245-247 °c (Et20); [a]nI8 = -211 (c 1.0, CHCh); IR 
(KBr) Vmax 3155,3035,2926,2854,1629,1499,1454,1175 cm-I; IH NMR (600 MHz, 
CDCb) b 9.46 (s, IH), 7.48-7.23 (m, 12H), 6.28 (b, 2H), 3.20-3.18 (m, 2H), 3.08-3.05 (m, 
2H), 2.66 (b, 2H), 2.52 (b, 2H); BC NMR (150.9 MHz, CDCh) b 138.7, 136.8, 129.5, 
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129.3, 128.3, 127.0, 124.6, 123.0, 60.0, 31.9, 21.7; FABMS [mlz(%)] 351(M-Cr, 100), 
HRMS (FAB) calcd for C2sH23N2: 351.1861; found 351.1807. 
(+ )-(3R,SR)-Diphenyl-l,2,3,S,6, 7 -hexahydro-3a,4a-diaza-cyclopenta[ def]phenanthre 
nium chloride [(R,R)-S8a]. 
QQII Prepared from (R,R)-S6a according to the procedure used N N+ Ph 0 CI- ""Ph for (S,s)-S6a above. Mp 247-249 DC; [a]n20 +203 (c 1.00, CHCh); 
All spectroscopic data matched that of (S,s)-S8a. 
(+ )-(3S,SS)-Diferrocenyl-l,2,3,S,6, 7 -hexahydro-3a,4a-diaza-cyclopenta[ def]phenanth 
renium chloride [(S,s)-S8f]. 
QQ ~ II A solution of (S,s)-S6f (71 mg, 0.13 mmol) in (EtO)3CH (3 
Fcf' N0~:_ Fe mL) was cooled to 0 °C and treated with conc. HCI solution (11 
~, 0.13 mmol). The mixture was allowed to warm slowly to room temperature and 
stirred for 16 h. Diethyl ether (3 mL) was added to induce precipitation of the product, 
which was collected by filtration and washed with cold Et20. Column chromatography 
(neutral alumina, 95:5 CH2ChlMeOH, Rf 0.32) gave (S,s)-S8f (45 mg, 59%) as an 
unstable beige solid that was of sufficient purity for complexation to iridium; mp 
147-149 DC (CH2Ch/MeOH); [a]n20 +34.3 (c 1.30, CH2Ch); IH NMR (600 MHz, 
acetone-d6) J 10.35 (b, 1H), 7.38 (s, 2H), 6.13 (s, 2H), 4.72 (b, 2H), 4.56 (s, 2H), 4.29 (s, 
lOH), 4.27 (s, 3H), 3.19 (m, 4H), 2.75 (b, 2H), 2.61 (b, 2H); 13C NMR (75.5 MHz, 
79 
acetone-d6) ~ 138.1, 127.6, 123.8, 122.9, 85.4, 69.2, 68.8, 68.6, 68.5, 66.0, 55.7, 30.2, 
21.9; FABMS [mlz(%)] 567 (M-CI, 5), 102 (100); HRMS (FAB) calcd for C33H3IFe2N2: 
567.1182; found 567.1207. 
Bis(1,2,3,5,6, 7 -hexahydro-3a,4a-diazacyclopenta[ defJphenanthren-4-ylidene )silver(I) 
AgC12 (90). 
A mixture of benzimidazolium chloride 66 (180 mg, 0.76 
mmol) and silver oxide (100 mg, 0.43 mmol) in CH2Cb (15 mL) was 
stirred at room temperature for 5 h under argon with exclusion of 
light. The resulting mixture was filtered through a small pad of 
Celite and the filtrate was concentrated to 1 mL. Hexane (3 mL) was added to induce 
precipitation of the product which was collected by filtration and dried under vacuum to 
give 90 (196 mg, 75%) as an off-white solid. Mp >250 °C; IR (KBr) Vmax 3025, 2930, 
2873, 1480, 1386, 1332, 1243,992 cm-I; IH NMR (300 MHz, CDCh) ~ 7.04 (s, 4H), 4.32 
(t, 8H. J = 5.7 Hz), 2.98 (t, 8H, J = 6.0 Hz), 2.30 (quin, 8H, J = 5.7 Hz); BC NMR (150.9 
MHz, CDCh) ~ 130.1, 121.4, 121.1, 46.0, 23.6, 23.4; FABMS [mlz(%)] 503 (M-AgCb, 
17), 199 (100); HRMS (FAB) calcd for C26H28N4107Ag: 503.1365; found 503.1383; Anal. 
Silver complex (-)-(S,s)-82a. 
QQ ptf Y Ph 
Ag+ 
Ph A Ph 
t8J 
To a mixture ofbenzimidazolium chloride (S,s)-58a (42 
mg, 0.11 mmol) and Ag20 (50 mg, 0.22 mmol) under argon 
80 
was added CH2Ch (3 mL). The mixture was stirred at room temperature for 5 h in the 
absence of light. The resulting solution was filtered through a small pad of Celite and the 
filtrate was concentrated to 1 mL under reduced pressure. Addition of hexane (3 mL) 
induced formation of a precipitate, which was collected and dried under high vacuum to 
give (S,s:)-82a (53 mg, 98%) as a light beige solid; mp >250 DC; [a]D20 -188 (c 0.50, 
CH2Ch); IR (KBr) Vmax 2963,2920,2889, 1493, 1456, 1376, 1302, 1241 cm-I; IH NMR 
(300 MHz, CDCh) ~ 7.33-7.31 (m, 12H), 7.14 (s, 4H), 6.96-6.93 (m, 8H), 5.65 (t, 4H, J= 
4.8 Hz), 3.00 (dt, 4H, J= 16.8,5.1 Hz), 2.91-2.81 (m, 4H), 2.60-2.47 (m, 8H); l3C NMR 
(75.5 MHz, CDCh) ~ 139.4, 130.4, 129.2, 128.6, 126.3, 121.6, 121.2, 59.8, 31.8, 21.0; 
FABMS [mlz(%)] 809 (M-AgCh, 100),457 (93), 351 (60),245 (45); HRMS (FAB) calcd 
60.81; H, 4.49; found C, 61.68; H, 4.49. 
Silver complex (+ )-(R,R)-82a. 
QQ ~ II N N . 
Ph Y '-Ph 
Ag+ 
Ph A Ph ® 
To a mixture of benzimidazolium chloride (R,R)-58a 
(40 mg, 0.10 mmol) and Ag20 (24 mg, 0.10 mmol) under 
argon was added CH2Ch (3 mL). The mixture was stirred at 
room temperature for 5 h in the absence of light. The 
resulting solution was filtered through a small pad of Celite 
and the filtrate was concentrated to 1 mL under reduced pressure. Addition of hexane (3 
mL) induced formation of a precipitate, which was collected and dried under high 
vacuum to give (R,R)-82a (50 mg, 99%) as a light beige solid; mp: >250 DC; [a]D20 +186 
81 
(c 1.00, CH2Ch); l3C NMR (75.5 MHz, CDCh) ~ 139.4, 130.4, 129.2, 128.6, 126.3, 
121.6, 121.2,59.8,31.8,21.0. 
[Bis(I,2,3,5,6,7-hexahydro-3a,4a-diazacyclopenta[defjphenanthren-4-ylidene)iridiu 
m(I)(COD)] chloride (89). 
To a mixture of benzimidazolium chloride 66 (49 mg, 0.21 
mmol), sodium hydride (10 mg, 60% dispersion in mineral oil, 
0.25 mmol) and [Ir(COD)Clh (67 mg, 0.10 mmol) under inert 
atmosphere was added THF (3 mL). The mixture was stirred at 
room temperature for 16 h, during which time the color changed from orange to red. After 
removing the solvent on a rotary evaporator, the crude product was purified by column 
chromatography (TSI silica gel, 97.5:2.5 CH2ChlMeOH, Rf0.21) to give 89 (56 mg, 38%) 
as an orange powder. Mp >250 °C; IR (KBr) Vmax 3007, 2926, 2877, 1626, 1483, 1387, 
1328, 1243 cm-I; IH NMR (600 MHz, CDCh) ~ 6.88 (s, 4H), 4.59-4.56 (m, 4H), 
4.36-4.32 (m, 4H), 3.97 (s, 4H), 3.00-2.93 (m, 8H), 2.46-2.40 (m, 8H), 2.32-2.29 (m, 4H), 
2.11 (q, 4H, J = 8.4 Hz); l3C NMR (150.9 MHz, CDCh) ~ 184.6, 130.9, 120.7, 120.0, 
78.9,46.0,31.5,23.8,23.4; FABMS [mlz(%)] 697 (M-Cl, 100), 199 (88); HRMS (FAB) 
calcd for C34H40N4I93Ir: 697.2882; found 697.2921. 
(1,2,3,5,6,7':Hexahydro-3a,4a-diazacyclopenta[defjphenanthren-4-ylidene)iridium(1) 
(COD) chloride (91). 
82 
To a flask containing silver complex 90 (41 mg, 0.06 romol) and 
[Ir(COD)Clh (38 mg, 0.057 romol) under an argon atmosphere was 
added CH2Ch (2.5 mL). The orange mixture was stirred in the absence 
of light for 5.5 h, during which time the color changed to yellow. The 
mixture was filtered through a pad of Celite in a sintered funnel and the filtrate was 
concentrated on a rotary evaporator. Column chromatography (silica gel, 7:3 
hexaneslEtOAc, Rf 0.26) gave 91 (46 mg, 76%) as a yellow powder. Mp >250 DC; IR 
(KBr) Vmax 2926,2876,2829, 1626, 1486, 1390, 1327 cm-1; IH NMR (600 MHz, CDCh) 
~ 6.86 (s, 2H), 4.69 (s, 2H), 4.62-4.58 (m, 2H), 4.40-4.36 (m, 2H), 3.05 (s, 2H), 2.90 (t, 
4H, J= Hz), 2.26 (b, 8H), 1.86-1.81 (m,2H), 1.70-1.66 (m, 2H); 13C NMR (150.9 MHz, 
CDCh) ~ 187.0, 131.1, 119.8, 119.6, 86.8, 51.6,44.9, 33.8, 29.5, 23.62, 23.56; FABMS 
[mlz(%)] 534 (M+, 28), 199 (100); HRMS (FAB) calcd for C21H26N2193Ir35Cl: 534.1414; 
found 534.1498; Anal. Calcd for C21H26N2IrCl: C, 47.22; H, 4.91; found C, 47.03; H, 
5.24. 
(1,2,3,S,6,7-Hexahydro-3a,4a-diazacyclopenta[det]phenanthren-4-ylidene)triphenylp 
hosphinoiridium(I)(COD) tetrakis(3,S-trifluoromethylphenyl)borate (92). 
cP.=> A mixture of complex 91(16 mg, 0.030 mmol), 
N'(N triphenylphosphine (7.9 mg, 0.030 romol) and sodium Ph3P-W 
BARF- ~ tetrakis(3,5-trifluoromethyl)-phenylborate (NaBARF) (40 mg, 0.045 
mmol) in dichloromethane (2 mL) was stirred at room temperature under argon for 4 h. 
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The red mixture was filtered through a small pad of TSI silica gel (230-400 mesh, pH 6.5 
- 7) and the filtrate was evaporated, washed with cold pentane and dried under vacuum to 
give 92 (44 mg, 90%) as a red-orange solid; mp 175-176 DC (CH2Chlhexane); IR (KBr) 
Vmax 3074, 2958, 2924, 1610, 1483, 1437, 1390, 1356, 1279, 1124 em-I; 3Ip NMR (121.5 
MHz, CDCh) J 18.1; I9F NMR (282.4 MHz, CDCh) J -62.4; IH NMR (300 MHz, 
CDCh) J 7.74-7.72 (m, 8H), 7.52 (s, 4H), 7.41-7.20 (m, I5H), 6.88 (s, 2H), 4.39 (bs, 
2H), 4.18-4.10 (m, 2H), 3.96 (bs, 2H), 3.65-3.52 (m, 2H), 2.86-2.60 (m, 4H), 2.40-2.22 
(m, 4H), 2.20-1.95 (m, 6H), 1.78-1.65 (m, 2H); BC NMR (150.9 MHz, CDCh) J 181.7 
131.4, 131.0, 130.1 (d, .lIpYC = 51.0 Hz), 128.9, 128.83, 128.80 (q, iIBYC = 31.5 Hz), 
124.6 (q, i 9FY C = 271.5 Hz), 121.0, 119.7, 117.4,85.64,85.56,83.0,45.1,31.3,30.60, 
30.58, 22.94, 22.90; FABMS [mlz(%)] 761 (M-BARF, 100), 199 (100); HRMS (FAB) 
C, 52.50; H, 3.29; found C, 52.35; H, 3.21. 
(-)-[(3S,5S)-Diphenyl-l,2,3,5,6, 7 -hexahydro-3a,4a-diazacyclopenta [def]phenanthren 
-4-ylidene]iridium(I)(COD) chloride [(S,s)-93a]. 
QQ ~ ;l 
.;:' NyN with silver complex (S,s)-82a (80 mg, 0.081 mmol) and 
Ptl Ph CI-'rLfl k::j---.J [Ir(COD)Clh (54 mg, 0.081 mmol). Dry CH2Chwas added (9 mL) 
A flame-dried round-bottomed flask under argon was charged 
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and the mixture was stirred in the dark at room temperature for 5 h. The resulting yellow 
solution was filtered through a pad of Celite, and the filtrate was concentrated on a rotary 
evaporator. Column chromatography (TSI silica gel, CH2Ch, Rr 0.29) gave (S,s)-93a 
(105 mg, 95%) as a yellow powder; mp >250 °C (PhMelhexane); [a]n20 -115 (c 1.00, 
CHCh); IR (KBr) Vmax 3058, 3027, 2925, 2871, 1469, 1453 em-I; IH NMR (600 MHz, 
CDCh) ~ 7.35 (t, 2H, J= 6.6 Hz), 7.32-7.30 (m, 4H), 7.17 (d, 2H, J= 7.8 Hz), 7.08-7.06 
(m, 2H), 7.00 (Abq, 2H, J = 7.2 Hz), 6.56 (d, IH, J = 3 Hz), 5.78 (t, IH, J = 4.8 Hz), 
4.46-4.43 (m, IH), 4.28-4.24 (m, IH), 2.97 (dt, IH, J = 16.8,4.8 Hz), 2.88-2.83 (m, 3H), 
2.76-2.73 (m, IH), 2.60-2.51 (m, 2H), 2.49-2.44 (m, IH), 2.31-2.28 (m, IH), 2.17-2.14 
(m, IH), 2.04-1.98 (m, IH), 1.88-1.81 (m, 2H), 1.56-1.50 (m, IH), 1.41-1.35 (m, 2H), 
1.08-1.00 (m, 2H); 13C NMR (150.9 MHz, CDCh) ~ 190.5, 142.9, 140.4, 131.4, 128.6, 
128.5, 127.7, 127.6, 127.1, 126.4, 120.3, 119.83, 119.75, 119.6, 86.5, 85.3, 59.4, 58.2, 
52.8,49.8, 33.4, 33.0, 32.8, 31.0, 29.1, 28.4, 21.4, 19.4; FABMS [mlz(%)] 686 (M+, 13), 
647 (17), 541 (26), 149 (51),57 (100), 41 (64); HRMS (FAB) calcd for C33H34Nl5CII93Ir: 
686.2040; found 686.2064. 
(+)- [(3R,5R)-Diphenyl-l,2,3,5,6, 7 -hexahydro-3a,4a-diazacyclopenta [def]phenanthre 
n-4-ylidene]iridium(I)(COD) chloride [(R,R)-93a]. 
~ A flame-dried round-bottomed flask under argon was charged prN?-<h with silver complex (R,R}-82a (50 mg, 0.051 mmol) and CI-W 
85 
[Jr(COD)Clh (34 mg, 0.051 mmol). Dry CH2Chwas added (4.5 mL) and the mixture was 
stirred in the dark at room temperature for 5.5 h. The resulting yellow solution was 
filtered through a pad of Celite, and the filtrate was concentrated on a rotary evaporator. 
Column chromatography (TSI silica gel, CH2Ch, Rf 0.29) gave (R,R)-93a (64 mg, 92%) 
as a yellow powder; mp >250 °C (PhMe/pentane); [a]D20 +109 (c 1.00, CHCh); X-Ray 
analysis was performed on a yellow prism (0.22 x 0.12 x 0.08 mm) which was obtained 
by crystallization from toluene by vapor diffusion with pentane. Anal. Calcd for 
C33H34N2CIIr: C, 57.75; H, 4.99; found C, 57.58; H, 5.00. Spectroscopic data matched 
that of (S,s)-93a. 




ptf I: Ph 
Ph3~I-iJ 
BARF ~ 
A mixture of compound (S,s)-93a (46 mg, 0.067 mmol), 
triphenylphosphine (17.6 mg, 0.067 mmol) and sodium 
tetrakis(3,5-trifluoromethyl)phenyl borate (NaBARF) (89 mg, 
0.101 mmol) in dichloromethane (4 mL) was stirred at room temperature under argon for 
4 h. The red mixture was filtered through a small pad of TSI silica gel (230-400 mesh, pH 
6.5 - 7) and the filtrate was evaporated, washed with cold pentane and dried under 
vacuum to give (S,s)-94a (108 mg, 91%) as a red-orange solid; mp 164-165 °C 
(CH2Chlhexane); [a]D20 -9.6 (c 1.00, CHCh); IR (KBr) Vmax 3073, 2964, 2924, 1610, 
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1437, 1356, 1279, 1124 cm-\ 31p NMR (121.5 MHz, CDCh) ~ 16.6; 19F NMR (282.4 
MHz, CDCh) ~ -62.4; IH NMR (600 MHz, CDCh) ~ 7.73 (s, 8H), 7.52 (s, 4H), 7.40 (t, 
3H, J = 7.2 Hz), 7.38 (b, 3H), 7.25 (b, 6H), 7.21 (m, 1H), 7.14 (d, 1H, J = 7.2 Hz), 
7.10-7.06 (m, 3H), 6.95 (b, 6H), 6.88 (d, 2H, J= 7.2 Hz), 6.82 (b, 2H), 5.97 (d, 1H, J= 
2.4 Hz), 5.22 (d, 1H, J = 2.4 Hz), 3.95 (t, 1H, J = 7.2 Hz), 3.88 (m, 1H), 3.55-3.50 (m, 
2H), 3.04 (m, 1H), 2.96-2.93 (m, 1H), 2.71-2.66 (m, 2H), 2.56-2.48 (m, 1H), 2.39-2.33 
(m, 2H), 2.25 (m, 1H), 2.10 (m, 1H), 1.87-1.79 (m, 3H), 1.52 (m, 1H), 1.43 (m, 2H), 1.31 
(m, 1H); l3C NMR (150.9 MHz, CDCh) ~ 185.8 (d, jlpYC = 9.0 Hz), 161.7 (q, }lB_l3C = 
49.5 Hz), 140.5, 139.7, 134.8, 133.6 (d, jlpYC = 12.1 Hz), 131.4, 131.3, 131.0, 130.6, 
130.3, 129.3, 129.2, 128.9 (q, Jll B_l3 C = 31.3 Hz), 128.8, 128.7, 128.4, 126.1, 125.5, 124.6 
(q, }9F_l3C = 271.6 Hz), 121.9, 121.6, 120.3, 119.8, 117.4,88.45,88.40,87.5,80.1,80.0, 
79.4, 60.1, 59.2, 33.9, 33.5, 31.2, 30.3, 28.6, 27.3, 19.3, 18.6; FABMS [mlz(%)] 913 
(M-BarF, 100); HRMS (FAB) calcd for CSIH49193IrN2P: 913.3263; found 913.3347; Anal. 
Calcd for C83H61BF24IrN2P: C, 56.12; H, 3.46; found C, 56.99; H, 3.74. 
(-)-[(3S,5S)-Diferrocenyl-l,2,3,5,6, 7 -hexahydro-3a,4a-diazacyclopenta [defjphenanth 
ren-4-ylidene ]iridium(l)(COD) chloride [(S,s)-93fj 0 
A flame-dried round-bottomed flask under argon was charged 
~ /; o with benzimidazolium 'chloride (S,s)-5Sf (42 mg, 0.07 mmol), . N N 
Fi Y Fe CI-W [Ir(COD)Cl]z (24 mg, 0.36 mmol) and KOtBu (22 mg, 0.18 mmol) 
87 
and THF (3 mL). The yellow solution was stirred at room temperature for 8.5 h. The 
solvent was removed on a rotary evaporator and column chromatography (neutral 
alumina, 59:40:1 hexane/CH2ChlEt3N, Rf 0.28) gave (S,s)-93f (32 mg, 50%) as a yellow 
solid; mp 191-193 DC (CH2Chlhexane); [a]D20 -103 (c 1.00, CHCh); X-Ray analysis was 
performed on a orange prism (0.45 x 0.35 x 0.33 mm) which was obtained by 
crystallization from dichloromethane by diffusion with hexane; IR (KBr) Vmax 2922,2861, 
2827, 1465, 1364, 1301, 1232 cm-I; IH NMR (600 MHz, CDCh) () 6.94 (d, 1H, J = 7.2 
Hz), 6.84 (d, 1H, J= 7.2 Hz), 5.99 (m, 2H), 4.98 (s, 1H), 4.80-4.77 (m, 2H), 4.74 (d, 1H, 
J = 1.2 Hz), 4.34 (d, 1H, J = 1.8 Hz), 4.24 (s, 5H), 4.22 (s, 1H), 4.21 (s, 5H), 4.04-4.02 
(m, 3H), 3.71 (s, 1H), 3.52 (m, 1H), 3.09 (m, 1H), 2.98-3.02 (m, 1H), 2.92-2.90 (m, 1H), 
2.84-2.81 (m, 1H), 2.74-2.72 (m, 2H), 2.54 (m, 1H), 2.46-2.42 (m, 2H), 2.29 (m, 1H), 
2.15 (m, 1H), 2.01-1.93 (m, 3H), 1.85-1.83 (m, 1H), 1.49-1.46 (m, 1H), 1.06-1.03 (m, 
1H); BC NMR (150.9 MHz, CDCh) () 187.7, 130.34, 130.27, 120.2, 119.6, 119.2, 119.0, 
91.8,88.0,87.7,84.3, 71.8, 71.1, 69.1, 69.0, 68.2, 67.7, 67.64, 67.56, 65.99, 65.96, 65.85, 
54.1, 53.1, 52.9, 52.5, 35.5, 32.3, 31.4, 30.5, 28.2, 27.7, 20.93, 20.87; Anal. Calcd for 
C4IH42Fe2N2IrCI: C, 54.59, H, 4.69; found C, 54.86, H, 4.74. 
(-)-(R)-Methyl-2-acetamidopropanoate [(R)-37a]. 
Representative procedure: A solution of 
methyl-2-acetamidoacrylate 36a (66 mg, 0.46 mmol) and iridium 
catalyst (S,s)-93a (9 mg, 0.013 mmol, 3 mol %) in CH2Ch (10 mL) in a vial under argon 
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was sealed in an autoclave. The autoclave was purged and backfilled three times with 
hydrogen gas, pressurized to 69 bar (1000 psi) and the apparatus was placed on a 
magnetic stirrer. The reaction mixture was stirred in the autoclave at room temperature 
for 72 h before the pressure was released. After evaporation of the solvent under reduced 
pressure, the remaining oil was purified by column chromatography (TSI silica gel, 
t-butyl methyl ether) to give (R)-37a (64 mg, 96%) as a colorless oil; [a]D20 -8.9 (c 1.00, 
CHCh) [lit.i [a]D25 -9.2 (c 1.00, CHCh) for the pure R enantiomer]; Chiral GC analysis 
(Chirasil DEX-CB; program: 30°C for 5 min, then 5 °C/min to 150°C) determined 
90.5:9.5 er, 81 % ee [tR(minor) = 25.86 min, tR(major) = 26.02 min]; IH NMR (300 MHz, 
CDCh) 6 6.12 (b, IH), 4.59 (quin, IH, J = 7.2 Hz), 3.74 (s, 3H), 2.01 (s, 3H), 1.39 (d, 3H, 
J= 7.2 Hz). 
(-)-(R)-Methyl-2-acetamido-3-phenylpropanoate [(R)-37b]. 
Representative procedure: A solution of trans-methyl- a 
-acetamidocinnamate 36b (35 mg, 0.16 mmol) and iridium catalyst 
S,s-93a (3.3 mg, 0.005 mmol, 3 mol %) in CH2Ch (4 mL) in a vial under argon was 
sealed in an autoclave. The autoclave was purged and backfilled three times with 
hydrogen gas, pressurized to 69 bar (1000 psi) and the apparatus was placed on a 
magnetic stirrer. The reaction mixture was stirred in the autoclave at room temperature 
for 72 h before the pressure was released. After evaporation of the solvent under reduced 
pressure, the crude product was purified by column chromatography (TSI silica gel, 
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t-butyl methyl ether) to give (R)-37b (35 mg, 98%) as a colorless oil that solidified on 
standing; [a]nI8 --48 (c 0.90, CHCh). [lit.ii [a]n25 -101.3 (c 1.00, CHCh) for the pure R 
enantiomer]; Chiral HPLC analysis (Chiralcel OD-H; eluent: 90:10 hexaneslI-PrOH, 0.5 
mL/min) determined 70.5:29.5 er, 41% ee [tR(major) = 20.76 min, tR(minor) = 26.65 
min].; IH NMR (300 MHz, CDCh) ~ 7.31-7.21 (m, 3H), 7.10-7.07 (m, 2H), 5.98 (b, IH), 
4.88 (dd, IH, J =13.5,5.7 Hz), 3.72 (s, 3H), 3.18-3.04 (m, 2H), 1.97 (s, 3H). 
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~I. Ell .J~.JI1 JilllJJL .. ____ ~,,1I I,J~.1I1 m ~" wd t •• L,~.I."~,. ,~lLlLi IJj~6~lJ 
1JDlJ ~~~i~~~~~~i~~~~~~~i ~~~i~~~i~~~i~~~i~~~i~~~i~~~i~~~i~~~i~~~i~~~i 5SB 














































































. .. . . . . . . . . ....... . 
BRUKER 






































, , , I ' , , , I ' , , , I ' , , , I' , , 'T' , , , I ' , , 'ITTrTT' , , , I ' , T, I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , 
8,0 7.5 7,0 6,5 6.0 5,5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 

















81. 000 usee 
6.00 usee 
296.8 K 
1. 00000000 sec 
1 































lD carbon with proton decoupling 
"l"r--..qmmCD(.l:)C')1,C) (.l:)mo..qO"l"C'lOO 
N.qc.-icir-...:006cri 
C') ~ m 
~--:~ 









L:><..J mr-- m C'I C'I \ ! 
..qC')C')C')C'lC'lC'lC'I~ 
.....--=--.....-~.....-~.....-...--...--


































.... _ ....... I --.ill ... lL, ....... .., ..... __ .... 0'1>' III ,,..1000\ ..... __ ,.J_."" "~l ,,,,.,...\ .... 1.1 L,,),,~L l .. ~._ ........... ~~ 
. GB 
"'1""""'1""""'1""""'1' I I I I I"'" I """'I"'" "'1"""'''1'''''''''1 I' """'I'PC 






















1. 89999998 sec 
1 


















































I-'-'-'~'--'-'-'T~~~n-'~.--r-r' , , , , , , , , I ' , , , , , , , , I ' , , , , ,-, , , I ,- ,-,- , , , , , , I ' , , , , , , , , I ' , , , , , , , , I ' , , , , , , , , I ' 
7 6 5 4 3 2 1 0 ppm 





IN STRUM spect 






SNH 12376.237 Hz 
FIDRES 0.377693 Hz 
AQ 1.3239176 sec 
RG 143.7 
DN 40.400 usee 
DE 6.00 usee 
TE 296.7 K 
D1 1.00000000 sec 
TDO 1 













































J u. !J 
"'"~"f""" -.,- -~,,. 
~T'" I""'" "I" "" "'I"" "" 'I'" """1' "" "" I"" "" 'I" """'1"" "" 'I" "" "'I"'" "" I""'" "I" "" "'I "" "" 'I'" "" "I' '" 

































































1. 89999998 see 
1 
CHANNEL fl ======== 
13C 
8.00 usee 
-1. 00 dB 
150.9355021 MHz 







































Id proton DOO~MD~~D~~~~~MMDM~M~~~MNN~~OOOO~MM~OO~MMDMND~~~~~~~~~~~~ ~ ~MNOO~nMMMrnOrn~~rn~~MW~M~~W~OO~Mrn~~rnwDrnwwooornOO~~Mrnrn~NMnO~~ ,~/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~II1I1Jt[I!FI 
r--1..D1..D'...Dl..Dl.J"')l..i)l.f')o::tt'=:f"lo::ro::ro::ro::f"lo::ro::rMNNNNNNNNM ........ o:-I..-I.-Io:-Io:-Io:-I.....-j"......jo:-lo:-lOOOOODDOODDDOOOO f ~ \. 
 I I I I I I I i($,Mt;rtA±:' ILL I j \.! L L L t. ~~~j./ ~ ~"""'--' 
I , I ' I I I I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ,~, , , I ' , , , I ' , , , I ' , , , I "-, , I ' , , , I 
NAME x d3- 01 7e 
EXPNO 1 
PROCNO 1 
Da te 20080228 
Time - 9.16 
IN STRUM speet 






SNH 12376.237 Hz 
FIDRES 0.377693 Hz 
AQ 1.3239176 see 
RG 71.8 
DN 40.400 usee 
DE 6.00 usee 
TE 298.0 K 













CHANNEL fl ======== 
IH 










7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 





















Id carbon with proton decoupling 
; ;., 
'''j ,'''' ".(,.,: 
J1 ~ '" J. ~ I .1-... .. 



































































CHANNEL fl = === == == 
13C 
8.00 usee 
-1. 00 dB 
150.9355021 HHz 















































IN STRUM spect 






SWH 12376.237 Hz 
FIDRES 0.377693 Hz 
AQ 1.3239176 sec 
RG 143.7 
DW 40.400 usee 
DE 6.00 usee 
TE 296.7 K 













CHANNEL fl ======== 
IH 










1 """" 'I"""" 'I"""" 'I""" "'I"""" 'I"""" 'I'" " ""I"'" "'--'1 """" 'I' 
7 6 5 4 3 2 1 0 ppm 
~1~ 61 (~1~1 bl (d~~( ~I~ r1J1~~~\~ r~\ 
···lljnn-..- ......... r,..,- · ..... JIll1"'Tlf'lT'--I--' ... ·..,..--- ....... "I· .. ' •• r· .. ·..,.rr1l" 
~n~.Trnn~n·I·········I'··"""I'·"""'I·""""I'""""1""""'1""""'1""""'1""""'1"'"""1""""'1""""'1"" 






















OOOO~~M~OONM~M~~M~~~M~oorn~OOMDM~rn~M~~~M~~~D~~MM~N~DDOO~M~~~ ~ ~~~Dm~~~moo~o~~~MMOO~~N~~~~~~MrnMDMMMM~MM~MNM~DOO~~Mro~~m~ ,~/
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~IIFlLlt[EEFI 
~~~~W~~~~~~~~~~~~~~~~MNNNNNNNNNNNNMMMMMMMMMDDDODDDODD f ~ ~ 
'------~l.-k..J.LLI I LLLbbttW-~~~~~~,",-\J)//// ~ ............... 
-------.,  -,~ ----.rIll ,~~---------'~r~ r 
7.5 7.0 6.5 6.0 5.5 
~l~ 
5.0 4.5 4.0 3.5 
000 0 (O--,!",,"O~ ~ ~ 11rf!i~ID ~,,:~~-,;.n~~t'ic-.i 
3.0 2.5 2.0 1 .5 1.0 ppm 






IN STRUM speet 






5hlH 12376.237 Hz 
FIDRES 0.377693 Hz 
AQ 1.3239176 see 
RG 161.3 
Dhl 40.400 usee 
DE 6.00 usee 
TE 295.1 K 














CHANNEL fl ======== 
IH 
11. 00 usee 
-4.00 dE 
31. 54786682 hl 
600.2037065 MHz 
32768 



























Id carbon with proton decoupling \Xl ~: ':::; ':j: 
"BRUKIiR r" l"- ,> 'f'" 
, ".! ~" ' 
I.l l IJ 
'~-'~'TTTTT' , , , "I' " , , , , , , I' , , , " '" I ' , , " " , , I' , , , , , " , I' , " , , , , , I ' " , , , , , 'I' , " , , , , , I ' , , " '" . I " , , " " , I ' " , , " , , I ' , " , , " , I ' 




































































CHANNEL fl ======== 
13C 
:3.00 usee 
-1. 00 dB 
92.33850861 lJ 
150.9355021 MHz 







31. 54786682 lJ 
0.77977633 lJ 


















..... ~ tv 

























































































CHANNEL fl ======== 
lH 
11. 00 usee 
-4.00 dB 
31. 54786682 hl 
600. 2037065 MHz 
32768 






, I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I "~_'_'I~'u, , I ' , ,-, I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , ~ 
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.6 ppm 
























































































o . 0 30 000 00 see 
4 
CHANNEL fl ======== 
13C 
8.00 usee 
-1. 00 dB 
92.33850861 lU 
150.9355021 MHz 







31. 54786682 lU 
0.77977633 lU 






~., . .,..L. ....... l'i .. "'.m. -",II:w • ..11 , ,dLAwJlI4J.: .... IWr .. ~,~IIII •• 1L:h rll1.llwUUI.ll..! I, .. ~"'Q J~ 1. 00 Hz o 1. 40 
!! I!!!!!!!!: I::: ::n:TTTT'TT~n~n'::' I::'::: ::: I':':::!!! I!!!!"'" I::::!!!" I'!!!"'! ! I!!!!"!'! I'!!!!!!!! I!!!!!'!!! I"'!'!!!! I!!'!! 















~ ~ ~ 
0. 
=" to? 
ID proton mO~~MOOMNOO~~~OOm~~OONM~OOmO~M~O~M~~~~NOMNOO~MO~~~M~N~NOO~~ ~ ~Nrn~~NOOO~~MMmOO~~M~MMm~~~oo~~MMD~MNMDrnOO~~~~NDoo~~NMMOO~~~ ,~/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~IIFlLlt[IIFI 
~~~~~~~~~~~~~~~~MMMMNNNNNNNNNNNNNNNNNNNNNNNMMMMMMMMOO f ~ , 
~'\II )/~/ L L L L " I L I !!if L L L Mit L L: b~~1 )//d--'----d----'~~ ~ ............... ~~ J,s? ~~~".,.----






IN STRUM speet 






SWH 6172.839 Hz 
FIDRES 0.188380 Hz 
AQ 2.6542580 see 
RG 645.1 
DW 81.000 usee 
DE 6.00 usee 
TE 296.2 K 

























8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 





























, L L bbb'7a'--%~ ~\ty ~~~~~ 









IN STRUM spect 






S1iTH 6172.839 Hz 
FIDRES 0.188380 Hz 
AQ 2.6542580 sec 
RG 574.7 
D1iT 81.000 usee 
DE 6.00 usee 
TE 296.6 K 
Dl 1. 00000000 see 
TDO 1 
======== CHANNEL fl ======== 
NUCI IH 
PI 10.20 usee 
PLI 0.00 dB 
PL l1iT 30.142637251iT 
SFOI 300.1318534 MHz 
SI 16384 
SF 300.1300043 MHz 
1iTD1iT EM 
SSE 0 
LB 0.30 Hz 
GB 0 
PC 1. 00 
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 

































mNr---LDLD ~-.;-o~COI7)r---~LDCO (l'JI"'--O(f)Ci) (jJOr---"';;:;j"...-ffiW'o:::j"...-W 
ccir--:r--.:u?tD --=~mcr)mcOcOccicOw B~R 


































PL12liJ ~~_.N""l.J-J ..... l.--L..L.JW~il' 
"'"'' I""'"'' I"'''''' 'I"'"'''' I'"'''''' I'"'''''' I"""'" I"'''''' 'I"'''''' 'I'''''''' 'I """'" I"""'" I""'"'' I"'''''' 'I'''''''' 'I'" "'''' I'"'''''' I""'"'' I""'''' 'I"'''''' 'I'"'''''' I'"'''' )ilDUJ 

























CHANNEL fl ======== 
13C 












































'" t '" 
Fraction B crystalizing from acetone 1D proton MMm~moo~~~m~mm~m~MOOOOmN~~Moo~Moo~m~~~~~MM~~~OOMM~~~~N~M~oo~ ~ ~OO~MNO~OOMOOOO~~MNN~MOO~~MnO~OO~~MMOMN~Drnoo~W~~~MN~~MNrnooWW~ ,~/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~IIFllJttlEFI 
w~~~~~~~~~~_~~~~~MMNNNNNNNNNNNNNNNNNNNNNNNNNNMMMMMMMOD f ~ ~ 
! , , L L L! L bt LX L:t:¥:bb'-b~dd~ ~-.............. 
, 1II1i: II" nnt' ~ NAME xd3-013 





IN STRUM spect 






SWH 6172.839 Hz 
FIDRES 0.188380 Hz 
AQ 2.6542580 sec 
RG 362 
DW 81.000 usee 
DE 6.00 usee 
TE 297.0 K 

























7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 
j~i ~(~1~~~~ l:l!b( !~l j~i 
chiral amine hydrolizing from phosphous compoun 
lD carbon with proton decoupling 
(0 co N r--- (O"l" o"<tenr---r---
.n 0i en co "'tr---O~m 
0 (I') (I') cor---r---w(O C'l en w w w w w 








....... ~ tv 











































































CHANNEL fl ======== 
13C 
11. 00 usee 
-2.00 dB 
75.4752950 MHz 












1. 00 Hz 
o 
1. 40 
ID carbon with proton decoupling 





<.0 I'- <.0 <.0 
N moci CD 
CD CD (l) 











...... ~ tv 












CD(l)lDlD(l) 7CD (l)CDI'-N<.O OlD(l) 
CDU":!N'<:I:q -o:-:--:cp~o:-:~~~--:O":! 



































































































dinhenvl chloride salt tr,rl 
II') r--II')~U')NNOM IJI 
0::' OO'iNOU1o)l...Oo::t' N 
M cor--IJ")IJ')MNN~ N 
........ 
O'l r-- r-- r-- r-- r-- r- r-- r-- t..D 
1 '\ ~ 1);::/ 1 
NIJ")Mo;-Ilf')<"""'INO'lorn 

































































CHANNEL fl ======== 
IH 










10 9 8 7 6 5 4 3 2 1 ppm 

























































S1JH 17985.611 Hz 
FIDPES 0.548877 Hz 
AQ 0.9110004 sec 
RG 11585.2 
D1J 27.800 usee 
DE 6.00 usee 
TE 301. 7 K 
Dl 2.00000000 sec 
dll 0.03000000 sec 
DELTA 1. 89999998 sec 
TDO 1 
======== CHANNEL fl ======== 
NUCI 13C 
PI 10.00 usee 
PLI -1. 00 dB 
SFOI 75.4752950 HHz 




















































\ I V 
o::t'O'JMOONI..Dr--o::t'Or--M 
or--COo:;:fi ........ OOlf')t.r)1J"')'=:f"'o::t' 
N ........ CO[-'-.DDOOODD 




























































CHANNEL fl ======== 
lH 
11. 00 usee 
-4.00 dB 









_.....--..--J~ 1 1\ illL JlJ~,,---_ 
""" 'I" "'" "I" 'TT.-r"T'n~'T'~"'-~"r'~Tl' ""~"~ITnT' "" In" ""'1'" "n "I'~~" "'l~ 
11 10 9 8 7 6 5 4 3 2 ppm 











































































































CHANNEL f 2 ======== 
waltz1.6 
1H 
1'0 _ 00 
-4. 00 dB 
1.;L07 dE 
15.00 dB 
81.. 54'7815582 1iJ 



























silver two ligands complex attamt 
CfI <:!' ["- 0 ..... '" M.....-fNr--r--ooO'lO'! ",.-l It) M CfI <:!''''o Clooo...o("'1rlmr--J.t") '.D<:!' 
N 0 N MMM OO'lO'J ........ ;d·i')NNN It) It) 
["- ["- It) <:!'<:!'<:!' MNNNNNNN .-l.-l 




















































81. 000 usee 
6.00 usee 
297.5 K 
1. 00000000 sec 
1 
CHANNEL fl ======== 
IH 










~.~ ~ t ~~!;..~ 
'~I' "-'1' , ,~ 1 "'-, I' ,-" 1 ' ,-" I' ,-, , 1 ,~, , I~~' 'I-~' , 'I' , , 'T-r, o~ , '-',' "-,,' '~.--.. '-~~~I~ 
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 

















ID carbon with proton decoupling 
<J:) ~gs 0 















































































1. 89999998 sec 
1 
CHANNEL fl ======== 
13C 
10.00 usee 
-1. 00 dB 
75.4752950 MHz 










































































































1. 00000000 sec 
1 
CHANNEL fl ======== 
IH 










, , l ' , , , l ' , , , l' , , , l' , , , l' , , , l' , , , l ' , , , l ' , , , l' , , , l' , , , l ' , , , l ' , , , l' , , , l ' , , , l ' , , , l ' , 
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 
(~1(;1(~1 /;;( 1:( 1:( 
~ 
~. 



























-.:- -.:- -.:- -.:- "'="""" "'="""" 
1 ~\I / // 





















IN STRUM speet 






5lJH 17985.611 Hz 
FIDRES 0.548877 Hz 
AQ 0.9110004 see 
RG 6502 
DlJ 27.800 usee 
DE 6.00 usee 
TE 297.1 K 
Dl 4.00000000 see 
dll 0.03000000 see 
DELTA 3.90000010 see 
TDO 1 
======== CHANNEL fl ======== 
NUCI 13C 
PI 11.00 usee 
PLI -2.00 dB 
SFOI 75.4752950 MHz 





















1. 00 Hz 
o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GB 1~0 1~0 1~0 1~0 "1110 1~0 9~ 810 7~" 610 510 "410 3~ ;10 1~ p~~PC 1. 40 
~ 
.... (J'Q 






























I ' , , , I ' , " I TT T'-r-'-'-'--'-'~ , , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , , , I ' , 
1.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm 
























































CHANNEL fl ======== 
IH 











































































































CHANNEL fl ======== 
1H 
11. 00 usee 
-4.00 dB 








7.5 7.0 6.5 6.0 6.6 6.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm 
(~1 6bl(~1 (;JY;;l bi (ci'l~l 
























1Jw. .1 .", ,". J 
;'),1."1-
, .. ,. 
·0,...., 
~:~ ) 




"---'-1-'- 1 1 I 1 1 1 1 1 1 
c.l1 ..... 

































































1. 89999998 sec 
1 
CHANNEL f1 ======== 
13C 
8.00 usee 
-1. 00 dB 
150.9355021 MHz 



































r-- N D'l LJ",) 0'l1..D 0 II) MOD l..O ........ M I....Q l.t) M 00 m o:::tt Ii') co M Lr)..-I 0 o:::t' r-- t!I M co 0 l..O o;:;tt r- N o:::tt r- Lr) ........ 0 o::r I..D N 0 t..D 0 M l.J"') M N M M ~~ 
NNmrnCOoooor-r-WLr)o::t'o:::t'MN ........ COOOMMN ................ WWorncor-r-r-r-l..Dmrooor-rnr-r-Wo:::t'DOOlMN ........ o::rMNo::t'W , ~ / 

















































1. 00000000 sec 
1 













I ' , , , I' , , , I ' , , , IT' , , I ' , 'T-,--.---.--.--. I-'~ , , , I'~' , r'~1 ' , "I" , , I-'~ , I -'~ , ,-~ 
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm 
~I~I~Y~I r~l r~i~1 r~l ~1~1 p~r~~~l 
Id carbon with proton decoupling \Xl 
,,:::,, ;;: BRUKER 






IN STRUM speet 
PROBED 5 IIlIIl PABBO BB-
PULPROG zgpg30 
TD 32768 ~ SOLVENT CDC13 
.... NS 16384 (J'C:I 
== 
DS 0 
.., SljJH 35971.223 Hz tI) FIDRES 1. 097755 Hz 
Ut AQ 0.4555391 sec 
.,... RG 23170.5 
DljJ 13.900 usee 
-
DE 6.00 usee 
TE 299.9 K w n Dl 2.00000000 sec 
Z Dll 0.03000000 see ~ TDO 16 
..... ~ 
~ ======== CHANNEL fl ======== 
NUCl 13C tI> Pl 8.00 usee "C 
(1) PLl -1. 00 dB (') PLlljJ 92.33850861 ljJ ~ SFOl 150.9355021 MHz ======== CHANNEL f2 ======== 
0 CPDPRG2 waltz16 
>-i-) NUC2 IH 
I.e PCPD2 70.00 usee N PL2 -4.00 dB 
PL12 12.07 dB 
PL13 15.00 dB 
PL2ljJ 31. 54786682 ljJ 
PL12ljJ 0.77977633 ljJ 
PL13ljJ 0.39716411 ljJ 
SF02 600.2024008 MHz 
51 32768 
SF 150.9204100 MHz 
WDW EM 
II ~ III I SSB 0 ILlli III III j LB 1. 00 Hz 1_~_ ..... _,1 GB 0 PC 1. 40 
'1""""'1" "'" "I""'" "I" """'1'"'' ""I "'"''''1''''''''' I""" '''1'''''''''1'''''''''1 "'"''''1''' "'" 'I "'''''''1'''''''''1'''' "'" 1""'''''1'' ""'"I''''''' 




























































l , LB GB 
" 
PC 
'~T-'-~ , ,m~, -"---,.--.--.- '-I "~" 1 "I ' 1 ' 
1,5 7.0 6.5 6.0 5,5 5,0 4.5 4.0 3,5 3,0 2,5 2.0 1,5 ppm 
~~~I~(~I ~I ~I(~I ~~~Y~bl~I:;j~bl ~Y~\l I~~ 
speet 













1. 00000000 see 
1 
CHANNEL fl ======== 
1H 































-I '-I ~-r I I I I I I 1 

































































1. 89999998 sec 
1 
CHANNEL fl ======== 
13C 
8.00 usee 
-1. 00 dB 
150.9355021 MHz 







































~M~~NNOO~OO~~NO~~MMOO~~NmMN~~NOMmNMm~M~M~~OOM~~~MOOOO~MOO~~ ~ ~MN~OOO~OO~~~MN~~MOoo~WOOOMrnOOMM~rn~NOO~DMOOOO~~MND~~~MNMNMorn ,~/





















































107 .200 usee 
6.00 usee 
296.8 K 
1. 00000000 see 
1 
CHANNEL fl ======== 
IH 
11. 00 usee 
-4.00 dB 





























ld carbon with proton decoupling 
,";.": i>'" 
","" ,",; "'J" 
J j I 















ShlH 35971.223 Hz 
FIDRES L 097755 Hz 
AQ 0.4555391 sec 
P.G 23170.5 
D1I1 13.900 usee 
DE 6.00 usee 
TE 298.2 K 
D1 2.00000000 sec 
























CHANNEL f1 ======== 
13C 
8.00 usee 
-L 00 dB 
92.33850861 111 
150.9355021 MHz 






































O~~M~O~NOO~~~MNMMM~M~O~~NO~N~OO~~OO~N~OM~OO~~~~NM~~MMO~NM ~ ~~M~MDrnrnOOOO~OmOO~~~~~MNMNNMOO~MMNM~~MmMDmOO~~~~ND~~~~moo~ ,~/
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~IIFlLlttlEFI 
~~~~~~~~~~~~~~~~~~~~~~~~MNNNNNNNNNNNNNMMMMMMMMMMDODDD f ~. ~ 
'----~:::-41 ':::;-bb-L,L,tt~b~~v-' ~~
=on:;:" i ~ NAME xd3 -0 71 
'-'--T-'~' , i ' , , , i ' , , , i ' , , , i ' , , , i ' , I I i I I I I i I I I I i I I I I i I I I I i I I I I i I I I I i I I I I i I I I I i I I I I i 
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm 












ShlH 12376.237 Hz 
F1DRES 0.377693 Hz 
AQ 1.3239176 see 
RG 228.1 
Dhl 40.400 usee 
DE 6.00 usee 
TE 295.1 R 
Dl 1.00000000 see 
TDO 1 














11. 00 usee 
-4.00 dB 
31. 54786682 hl 




























,I. J I J 
. ~-mT 1 1 1 1 1 1 1 1 





































































CHANNEL fl ======== 
13C 
8.00 usee 
-1. 00 dB 
92.33850861 liJ 
150.9355021 MHz 















1. 00 Hz 
o 
1. 40 
7. Appendix 2 X - Ray Data for (R, R) - 93a 



















Completeness to e = 31.31 0 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on p2 
Pinal R indices [I > 20'(1)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
costal 






a = 11.5881(3) A 
b = 14.3883(4) A 






0.22 x 0.12 x 0.08 mm3 
1.86 to 31.310. 
-16::;h::; 15, -20 ::; k::; 21, -20::;1 ::;24 
70000 
9205 [R(int) = 0.0581] 
99.7 % 
Numerical 
1.000 and 0.884 
Full-matrix least-squares on p2 
9205 / 240 / 334 
1.030 
R1 = 0.0227, wR2 = 0.0488 
R1 = 0.0262, wR2 = 0.0502 
0.000(5) 
0.885 and -0.653 e.A-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2 x 103) 
for costal. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
x y z U(eq) 
Ir(1) 8082(1) 7689(1) 7606(1) 22(1) 
C(1) 3404(3) 9267(2) 8019(2) 34(1) 
Cl(1) 7570(1) 6221(1) 8109(1) 35(1) 
C(2) 4247(3) 9309(2) 7314(2) 33(1) 
N(3A) 5794(2) 8587(2) 8081(1) 23(1) 
C(3) 5184(2) 8536(2) 7313(2) 25(1) 
N(4A) 6890(2) 8371(2) 9100(1) 22(1) 
C(4) 6859(2) 8261(2) 8295(1) 21(1) 
C(5) 7798(2) 8128(2) 9674(2) 24(1) 
C(6) 7187(3) 7881(2) 10463(2) 31(1) 
C(7) 6369(3) 8647(3) 10772(2) 35(1) 
C(7A) 5525(3) 8920(2) 10143(2) 29(1) 
C(8) 4407(3) 9265(2) 10214(2) 36(1) 
C(9B) 5178(2) 8886(2) 8733(2) 25(1) 
C(9C) 5872(2) 8749(2) 9377(2) 25(1) 
C(9A) 4056(3) 9223(2) 8783(2) 29(1) 
C(9) 3706(3) 9426(2) 9551(2) 36(1) 
C(1O) 4643(2) 7586(2) 7188(2) 27(1) 
C(11) 4327(3) 7013(2) 7804(2) 32(1) 
C(12) 3706(3) 6205(2) 7678(2) 34(1) 
C(13) 3391(4) 5956(3) 6927(2) 50(1) 
C(14) 3729(5) 6510(3) 6310(3) 83(2) 
C(15) 4338(4) 7317(3) 6434(2) 65(1) 
C(16) 8663(2) 8907(2) 9787(2) 24(1) 
C(17) 8430(3) 9830(2) 9609(2) 32(1) 
C(18) 9237(3) 10519(3) 9745(2) 41(1) 
C(19) 10299(3) 10286(3) 10085(2) 38(1) 
C(20) 10529(3) 9377(3) 10286(2) 37(1) 
C(21) 9725(3) 8688(2) 10127(2) 29(1) 
C(22) 9715(3) 7141(2) 7124(2) 38(1) 
C(23) 8840(3) 7041(2) 6565(2) 36(1) 
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C(24) 8657(4) 7665(3) 5863(2) 48(1) 
C(25) 8674(4) 8698(3) 6062(2) 45(1) 
C(26) 8280(3) 8893(2) 6905(2) 31(1) 
C(27) 9032(2) 8927(2) 7555(2) 33(1) 
C(28) 10324(3) 8746(3) 7536(3) 50(1) 
C(29) 10635(3) 7871(3) 7079(3) 51(1) 
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Table 3. Bond lengths [A] and angles [0] for costal 
Ir(1)-C(4) 2.012(3) C(9B)-C(9C) 1.369(4) 
Ir(1)-C(27) 2.097(3) C(9B)-C(9A) 1.390(4) 
Ir( 1 )-C(26) 2.113(3) C(9A)-C(9) 1.395(4) 
Ir(1)-C(23) 2.181(3) C(9)-H(9A) 0.9500 
Ir(1)-C(22) 2.207(3) C(10)-C(11) 1.379(4) 
Ir(l)-CI(l) 2.3529(8) C(1O)-C(15) 1.381(4) 
C(1)-C(9A) 1.500(4) C(11)-C(12) 1.384(4) 
C(1)-C(2) 1.545(4) C(11)-H(11A) 0.9500 
C(1)-H(1A) 0.9900 C(12)-C(13) 1.370(5) 
C(l)-H(1B) 0.9900 C(12)-H(12A) 0.9500 
C(2)-C(3) 1.553(4) C(13)-C(14) 1.373(6) 
C(2)-H(2A) 0.9900 C(13)-H(13A) 0.9500 
C(2)-H(2B) 0.9900 C(14)-C(15) 1.375(6) 
N(3A)-C(4) 1.369(4) C(14)-H(14A) 0.9500 
N(3A)-C(9B) 1.384(4) C(15)-H(15A) 0.9500 
N(3A)-C(3) 1.483(3) C(16)-C(17) 1.389(4) 
C(3)-C(10) 1.518(4) C(16)-C(21) 1.395(4) 
C(3)-H(3A) 1.0000 C(17)-C(18) 1.382(5) 
N(4A)-C(4) 1.374(3) C(17)-H(17 A) 0.9500 
N(4A)-C(9C) 1.381(4) C(18)-C(19) 1.399(5) 
N(4A)-C(5) 1.476(3) C(18)-H(18A) 0.9500 
C(5)-C(16) 1.516(4) C(19)-C(20) 1.378(5) 
C(5)-C(6) 1.555(4) C(19)-H(19A) 0.9500 
C(5)-H(5A) 1.0000 C(20)-C(21) 1.387(5) 
C(6)-C(7) 1.545(5) C(20)-H(20A) 0.9500 
C(6)-H(6A) 0.9900 C(21)-H(21A) 0.9500 
C(6)-H(6B) 0.9900 C(22)-C(23) 1.395(5) 
C(7)-C(7A) 1.499(4) C(22)-C(29) 1.498(5) 
C(7)-H(7A) 0.9900 C(22)-H(22A) 1.0000 
C(7)-H(7B) 0.9900 C(23)-C(24) 1.505(5) 
C(7 A)-C(9C) 1.381(4) C(23)-H(23A) 1.0000 
C(7A)-C(8) 1.393(5) C(24)-C(25) 1.525(6) 
C(8)-C(9) 1.406(5) C(24)-H(24A) 0.9900 
C(8)-H(8A) 0.9500 C(24)-H(24B) 0.9900 
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C(25)-C(26) 1.526(4) C(3)-C(2)-H(2A) 108.6 
C(25)-H(25A) 0.9900 C(1)-C(2)-H(2B) 108.6 
C(25)-H(25B) 0.9900 C(3)-C(2)-H(2B) 108.6 
C(26)-C(27) 1.405(4) H(2A)-C(2)-H(2B) 107.6 
C(26)-H(26A) 1.0000 C(4)-N(3A)-C(9B) 111.1(2) 
C(27)-C(28) 1.520(4) C( 4)-N(3A)-C(3) 130.2(2) 
C(27)-H(27A) 1.0000 C(9B)-N(3A)-C(3) 118.0(2) 
C(28)-C(29) 1.521(5) N(3A)-C(3)-C(10) 111.3(2) 
C(28)-H(28A) 0.9900 N(3A)-C(3)-C(2) 107.3(2) 
C(28)-H(28B) 0.9900 C(1O)-C(3)-C(2) 110.9(2) 
C(29)-H(29A) 0.9900 N(3A)-C(3)-H(3A) 109.1 
C(29)-H(29B) 0.9900 C(10)-C(3)-H(3A) 109.1 
C(2)-C(3)-H(3A) 109.1 
C( 4)-Ir(1)-C(27) 92.63(11) C(4)-N(4A)-C(9C) 111.1(2) 
C(4)-Ir(I)-C(26) 93.84(11) C(4)-N(4A)-C(5) 130.2(2) 
C(27)-Ir(1 )-C(26) 38.98(12) C(9C)-N( 4A)-C(5) 118.6(2) 
C(4)-Ir(1)-C(23) 158.14(12) N(3A)-C(4)-N(4A) 104.3(2) 
C(27)-Ir(1 )-C(23) 96.80(13) N(3A)-C(4)-Ir(l) 128.46(18) 
C(26)-Ir(l)-C(23) 81.48(12) N(4A)-C(4)-Ir(1) 127.2(2) 
C(4)-Ir(1)-C(22) 164.78(12) N(4A)-C(5)-C(16) . 112.3(2) 
C(27)-Ir(1 )-C(22) 80.67(12) N(4A)-C(5)-C(6) 107.2(2) 
C(26)-Ir(1 )-C(22) 89.50(12) C(16)-C(5)-C(6) 111.2(2) 
C(23)-Ir(1)-C(22) 37.08(13) N(4A)-C(5)-H(5A) 108.7 
C(4)-Ir(l)-C1(l) 88.82(7) C(16)-C(5)-H(5A) 108.7 
C(27)-Ir(l)-Cl(l) 155.53(9) C(6)-C(5)-H(5A) 108.7 
C(26)-Ir(1)-Cl(1) 165.20(9) C(7)-C( 6)-C( 5) 114.1(2) 
C(23)-Ir(l)-Cl(1) 90.65(9) C(7)-C(6)-H(6A) 108.7 
C(22)-Ir(1)-Cl(1) 91.73(9) C(5)-C(6)-H(6A) 108.7 
C(9A)-C(1)-C(2) 110.5(2) C(7)-C(6)-H(6B) 108.7 
C(9A)-C(l)-H(lA) 109.5 C(5)-C(6)-H(6B) 108.7 
C(2)-C(1)-H(lA) 109.5 H(6A)-C(6)-H(6B) 107.6 
C(9A)-C(l)-H(IB) 109.5 C(7A)-C(7)-C(6) 110.3(2) 
C(2)-C(1)-H(1B) 109.5 C(7A)-C(7)-H(7A) 109.6 
H(1A)-C(l)-H(1B) 108.1 C( 6)-C(7)-H(7 A) 109.6 
C(1)-C(2)-C(3) 114.5(2) C(7 A)-C(7)-H(7B) 109.6 
C(1)-C(2)-H(2A) 108.6 C(6)-C(7)-H(7B) 109.6 
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H(7 A)-C(7)-H(7B) 108.1 C(10)-C(15)-H(15A) 119.7 
C(9C)-C(7 A)-C(8) 114.5(3) C(17)-C(16)-C(21 ) 118.5(3) 
C(9C)-C(7 A)-C(7) 115.6(3) C(17)-C(16)-C(5) 123.5(3) 
C(8)-C(7 A)-C(7) 129.7(3) C(21)-C(16)-C(5) 117.9(3) 
C(7 A)-C(8)-C(9) 121.8(3) C( 18)-C(17)-C(16) 121.2(3) 
C(7 A)-C(8)-H(8A) 119.1 C(18)-C(17)-H(17A) 119.4 
C(9)-C(8)-H(8A) 119.1 C(16)-C(17)-H(17A) 119.4 
C(9C)-C(9B)-N(3A) 106.8(2) C( 17)-C( 18)-C( 19) 119.5(3) 
C(9C)-C(9B)-C(9A) 123.4(3) C(17)-C(18)-H(18A) 120.2 
N(3A)-C(9B)-C(9A) 129.7(3) C(19)-C(18)-H(18A) 120.2 
C(9B)-C(9C)-N (4A) 106.7(2) C(20)-C( 19)-C( 18) 119.9(3) 
C(9B)-C(9C)-C(7 A) 123.5(3) C(20)-C(19)-H(19 A) 120.0 
N (4A)-C(9C)-C(7 A) 129.6(3) C(18)-C(19)-H(19A) 120.0 
C(9B)-C(9A)-C(9) 113.7(3) C( 19)-C(20)-C(21) 120.1(3) 
C(9B)-C(9A)-C(1) 115.7(3) C( 19)-C(20)-H(20A) 120.0 
C(9)-C(9A)-C(I) 130.5(3) C(21 )-C(20)-H(20A) 120.0 
C(9A)-C(9)-C(8) 122.9(3) C(20)-C(21 )-C( 16) 120.8(3) 
C(9A)-C(9)-H(9A) 118.5 C(20)-C(21)-H(21A) 119.6 
C(8)-C(9)-H(9A) 118.5 C(16)-C(21)-H(21A) 119.6 
C(11)-C(1O)-C(15) 117.6(3) C(23)-C(22)-C(29) 123.7(3) 
C(11)-C(10)-C(3) 122.8(2) C(23)-C(22)-Ir(l) 70.44(18) 
C(15)-C(1O)-C(3) 119.2(3) C(29)-C(22)-Ir(1) 112.2(2) 
C(10)-C(11)-C(12) 121.6(3) C(23)-C(22)-H(22A) 114.2 
C(10)-C(11)-H(11A) 119.2 C(29)-C(22)-H(22A) 114.2 
C(12)-C(II)-H(11A) 119.2 Ir(I)-C(22)-H(22A) 114.2 
C(13)-C(12)-C(11) 120.1(3) C(22)-C(23 )-C(24) 125.3(3) 
C(13)-C(12)-H(12A) 120.0 C(22)-C(23)-Ir(l) 72.49(17) 
C(11)-C(12)-H(12A) 120.0 C(24)-C(23)-Ir(1) 109.1(2) 
C(12)-C(13)-C(14) 118.7(3) C(22)-C(23)-H(23A) 114.1 
C(12)-C(13)-H(13A) 120.7 C(24)-C(23)-H(23A) 114.1 
C(14)-C(13)-H(13A) 120.7 Ir( 1 )-C(23)-H(23A) 114.1 
C(13)-C(14)-C(15) 121.3(4) C(23)-C(24)-C(25) 114.0(3) 
C(13)-C(14)-H(14A) 119.3 C(23)-C(24)-H(24A) 108.8 
C(15)-C(14)-H(14A) 119.3 C(25)-C(24)-H(24A) 108.8 
C(14)-C(15)-C(10) 120.7(4) C(23)-C(24)-H(24B) 108.8 
C(14)-C(15)-H(15A) 119.7 C(25)-C(24)-H(24 B) 108.8 
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H(24A)-C(24)-H(24B) 107.7 C(26)-C(27)-H(27 A) 113.4 
C(24 )-C(25)-C(26) 112.4(3) C(28)-C(27)-H(27 A) 113.4 
C(24 )-C(25)-H(25A) 109.1 Ir(1)-C(27)-H(27 A) 113.4 
C(26)-C(25)-H(25A) 109.1 C(27)-C(28)-C(29) 112.7(3) 
C(24)-C(25)-H(25B) 109.1 C(27)-C(28)-H(28A) 109.0 
C(26)-C(25)-H(25B) 109.1 C(29)-C(28)-H(28A) 109.0 
H(25A)-C(25)-H(25B) 107.9 C(27)-C(28)-H(28B) 109.0 
C(27)-C(26)-C(25) 123.7(3) C(29)-C(28)-H(28B) 109.0 
C(27)-C(26)-Ir( 1) 69.88(17) H(28A)-C(28)-H(28B) 107.8 
C(25)-C(26)-Ir( 1) 114.1(2) C(22)-C(29)-C(28) 112.7(3) 
C(27)-C(26)-H(26A) 113.9 C(22)-C(29)-H(29A) 109.0 
C(25)-C(26)-H(26A) 113.9 C(28)-C(29)-H(29A) 109.0 
Ir(1)-C(26)-H(26A) 113.9 C(22)-C(29)-H(29B) 109.0 
C(26)-C(27)-C(28) 126.0(3) C(28)-C(29)-H(29B) 109.0 
C(26)-C(27)-Ir( 1) 71.14(17) H(29A)-C(29)-H(29B) 107.8 
C(28)-C(27)-Ir( 1) 111.9(2) 
Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic displacement parameters (A2 x 103) for costal. The anisotropic 
displacement factor exponent takes the form: -2n2[ h2 a*2Ull + ... + 2 h k a* b* U12 ] 
Ull U22 U33 U23 U13 U12 
Ir(l) 23(1) 23(1) 20(1) -2(1) 0(1) 0(1) 
C(1) 23(1) 29(2) 51(2) 0(1) -3(1) 1(1) 
CI(1) 45(1) 26(1) 33(1) 1(1) -1(1) -5(1) 
C(2) 28(1) 30(1) 40(2) 6(1) -8(1) -2(1) 
N(3A) 21(1) 26(1) 21(1) -2(1) -1(1) -1(1) 
C(3) 25(1) 31(1) 21(1) 2(1) -6(1) -3(1) 
N(4A) 22(1) 25(1) 21(1) -3(1) -2(1) 0(1) 
C(4) 21(1) 22(1) 21(1) 0(1) 1(1) -4(1) 
C(5) 26(1) 22(1) 24(1) -1(1) -5(1) 3(1) 
C(6) 38(2) 33(2) 23(1) 5(1) -3(1) -7(1) 
C(7) 43(2) 41(2) 21(1) -1(1) 1(1) -6(2) 
C(7A) 35(2) 27(2) 24(1) -4(1) 7(1) -6(1) 
C(8) 37(2) 35(2) 37(2) -8(1) 14(1) -3(1) 
C(9B) 22(1) 24(1) 28(1) -1(1) 2(1) -2(1) 
C(9C) 24(1) 24(1) 26(1) 0(1) 2(1) -1(1) 
C(9A) 24(1) 24(1) 39(2) 0(1) 2(1) -3(1) 
C(9) 24(2) 33(2) 51(2) -5(1) 12(1) -2(1) 
C(10) 27(1) 29(2) 25(1) 0(1) -7(1) -2(1) 
C(11) 41(2) 28(1) 26(1) -6(1) 2(1) -5(1) 
C(12) 37(2) 28(2) 37(2) 2(1) 10(1) -4(1) 
C(13) 67(3) 32(2) 51(2) 1(2) -25(2) -15(2) 
C(14) 157(5) 55(3) 39(2) 8(2) -40(3) -47(3) 
C(15) 122(4) 45(2) 27(2) 8(2) -25(2) -36(3) 
C(16) 25(1) 28(2) 19(1) -1(1) -2(1) 1(1) 
C(17) 30(2) 29(2) 38(2) 2(1) -11(1) 2(1) 
C(18) 44(2) 28(2) 52(2) 1(2) -6(2) -4(2) 
C(19) 37(2) 36(2) 40(2) -5(1) -2(1) -8(1) 
C(20) 28(2) 51(2) 32(2) 3(2) -4(1) -3(2) 
C(21) 27(1) 31(2) 28(1) 5(1) -4(1) 1(1) 
C(22) 38(2) 35(2) 40(2) 3(1) 11(1) 14(1) 
C(23) 53(2) 31(2) 25(1) -3(1) 8(1) 10(1) 
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C(24) 76(2) 41(2) 26(1) -1(2) 11(1) 10(2) 
C(25) 62(2) 39(2) 33(2) 8(2) 13(2) 7(2) 
C(26) 35(2) 25(1) 32(1) 3(1) 8(1) 0(1) 
C(27) 30(1) 27(1) 43(2) -5(1) 7(1) -5(1) 
C(28) 27(2) 52(2) 71(3) -1(2) 5(2) -8(1) 
C(29) 30(2) 52(3) 71(2) 2(2) 11(2) 7(2) 
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2 x 103) 
for costal 
x y z U(eq) 
H(1A) 2903 9824 8015 41 
H(1B) 2904 8712 7969 41 
H(2A) 4636 9921 7316 39 
H(2B) 3797 9263 6819 39 
H(3A) 5746 8661 6878 30 
H(5A) 8217 7565 9479 29 
H(6A) 6738 7302 10388 37 
H(6B) 7782 7757 10869 37 
H(7A) 5946 8415 11240 42 
H(7B) 6825 9196 10933 42 
H(8A) 4110 9396 10725 43 
H(9A) 2960 9685 9630 43 
H(l1A) 4540 7177 8327 38 
H(12A) 3498 5822 8112 40 
H(13A) 2948 5411 6837 60 
H(14A) 3539 6332 5786 100 
H(15A) 4551 7693 5997 78 
H(17A) 7703 9992 9390 39 
H(18A) 9073 11146 9610 49 
H(19A) 10861 10755 10177 45 
H(20A) 11240 9221 10532 44 
H(21A) 9899 8060 10252 34 
H(22A) 9974 6544 7368 45 
H(23A) 8592 6383 6478 43 
H(24A) 7905 7511 5619 57 
H(24B) 9266 7536 5468 57 
H(25A) 8164 9034 5690 54 
H(25B) 9468 8940 5991 54 
H(26A) 7618 9336 6942 37 























Table 6. Torsion angles [0] for costal 
C(9A)-C(1)-C(2)-C(3) 






















C(22)-Ir(1)-C( 4)-N( 4A) 
CI(1)-Ir(I)-C( 4)-N( 4A) 
C(4)-N(4A)-C(5)-C(16) 
C(9C)-N(4A)-C(5)-C(16) 
C( 4)-N( 4A)-C(5)-C(6) 
C(9C)-N( 4A)-C(5)-C(6) 
N ( 4A )-C( 5)-C( 6)-C(7) 
C( 16)-C( 5)-C( 6)-C(7) 






































C(9C)-C(7 A)-C(8)-C(9) -0.3(5) 
C(7)-C(7 A)-C(8)-C(9) -175.6(3) 
C( 4)-N(3A)-C(9B)-C(9C) 0.2(3) 
C(3)-N(3A)-C(9B)-C(9C) 171.8(2) 
C( 4 )-N(3A)-C(9B)-C(9A) -176.7(3) 
C(3)-N(3A)-C(9B)-C(9A) -5.2(5) 
N(3A)-C(9B)-C(9C)-N( 4A) 0.0(3) 
C(9A)-C(9B)-C(9C)-N( 4A) 177.2(3) 
N (3A)-C(9B)-C(9C)-C(7 A) -176.3(3) 
C(9A)-C(9B)-C(9C)-C(7 A) 0.9(5) 
C( 4)-N( 4A)-C(9C)-C(9B) -0.2(3) 
C(5)-N(4A)-C(9C)-C(9B) -178.5(2) 
C(4)-N(4A)-C(9C)-C(7A) 175.8(3) 
C(5)-N(4A)-C(9C)-C(7 A) -2.6(5) 
C(8)-C(7 A)-C(9C)-C(9B) -1.3(5) 
C(7)-C(7 A)-C(9C)-C(9B) 174.7(3) 
C(8)-C(7A)-C(9C)-N(4A) -176.7(3) 





C(2)-C(1 )-C(9A)-C(9B) -23.0(4) 
C(2)-C(1 )-C(9A)-C(9) 160.3(3) 
C(9B)-C(9A)-C(9)-C(8) -2.7(5) 
C( 1 )-C(9 A)-C(9)-C(8) 174.1(3) 
C(7 A)-C(8)-C(9)-C(9A) 2.4(5) 
N(3A)-C(3)-C(1O)-C(II) 25.8(4) 
C(2)-C(3)-C(1O)-C(11) -93.5(3) 
















C( 6)-C( 5)-C( 16)-C(21) 77.7(3) 
C(21)-C(16)-C(17)-C(18) 1.7(5) 
C(5)-C(16)-C(17)-C(18) 178.0(3) 
C( 16)-C( 17)-C( 18)-C( 19) -1.5(5) 
C( 17)-C( 18)-C( 19)-C(20) -0.4(5) 
C( 18)-C( 19)-C(20)-C(21) 2.1(5) 
C( 19)-C(20)-C(21 )-C( 16) -1.9(5) 
C( 17)-C( 16)-C(21 )-C(20) 0.1(5) 
C( 5)-C( 16)-C(21 )-C(20) -176.5(3) 
C( 4)-Ir(1)-C(22)-C(23) -179.3(4) 
C(27)-Ir(1)-C(22)-C(23) -114.6(2) 
C(26)-Ir( 1 )-C(22)-C(23) -76.5(2) 
Cl( 1)-Ir( 1 )-C(22)-C(23) 88.78(19) 
C( 4)-Ir( 1 )-C(22)-C(29) -59.9(6) 
C(27)-Ir( 1 )-C(22)-C(29) 4.8(3) 
C(26)-Ir( 1 )-C(22)-C(29) 43.0(3) 
C(23)-Ir(l )-C(22)-C(29) 119.4(3) 
Cl(1)-Ir(1)-C(22)-C(29) -151.8(3) 
C(29)-C(22)-C(23 )-C(24) -2.9(5) 
Ir(1)-C(22)-C(23)-C(24) 101.4(3) 
C(29)-C(22)-C(23)-Ir( 1) -104.2(3) 
C(4)-Ir(1)-C(23)-C(22) 179.5(3) 










Ir( 1 )-C(23 )-C(24 )-C(25) 33.2(4) 
C(23)-C(24)-C(25)-C(26) -28.5(5) 
C(24 )-C(25)-C(26)-C(27) 90.3(4) 
C(24 )-C(25)-C(26)-Ir( 1) 9.2(4) 
C( 4)-Ir( 1 )-C(26)-C(27) 89.43(18) 
C(23)-Ir( 1 )-C(26)-C(27) -112.06(19) 
C(22)-Ir( 1 )-C(26)-C(27) -75.71(19) 
Cl(I)-Ir(I)-C(26)-C(27) -170.6(3) 
C( 4)-Ir(1 )-C(26)-C(25) -151.6(3) 
C(27)-Ir( 1 )-C(26)-C(25) 118.9(3) 
C(23)-Ir( 1 )-C(26)-C(25) 6.9(3) 
C(22)-Ir( 1 )-C(26)-C(25) 43.2(3) 
Cl( 1)-Ir(1 )-C(26)-C(25) -51.7(5) 
C(25)-C(26)-C(27)-C(28) -2.4(5) 
Ir( 1 )-C(26)-C(27)-C(28) 103.8(3) 
C(25)-C(26)-C(27)-Ir( 1) -106.2(3) 
C(4)-Ir(1)-C(27)-C(26) -92.86(18) 
C(23)-Ir( 1 )-C(27)-C(26) 67.38(19) 
C(22)-Ir( 1 )-C(27)-C(26) 100.88(19) 
Cl(I)-Ir(1)-C(27)-C(26) 174.21(16) 
C( 4)-Ir( 1 )-C(27)-C(28) 145.0(3) 
C(26)-Ir( 1 )-C(27)-C(28) -122.1(3) 
C(23)-Ir( 1 )-C(27)-C(28) -54.7(3) 
C(22)-Ir( 1 )-C(27)-C(28) -21.2(3) 
Cl( 1)-Ir( 1 )-C(27)-C(28) 52.1(4) 
C(26)-C(27)-C(28)-C(29) -47.1(5) 




Symmetry transformations qsed to. generate equivalent atoms: 
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8. Appendix 3 X - Ray Date for (S, S) - 93f 



















Completeness to theta = 45.32° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data I restraints I parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
costa2_0m 






a = 10.4823(10) A 
b = 15.5160(15) A 






0.45 x 0.35 x 0.33 mm3 
1.99 to 45.32°. 
0.= 90°. 
-11< =h< =20, -30< =k< =31, -20< =1< =21 
53155 
24266 [R(int) = 0.0253] 
97.4 % 
None 
0.2916 and 0.2139 
Full-matrix least-squares on F2 
24266 I 1 I 424 
1.056 
Rl = 0.0335, wR2 = 0.0775 
Rl = 0.0420, wR2 = 0.0814 
-0.012(3) 
3.617 and -1.229 e.A-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) 
for costa2_0m. U(eq) is defined as one third of the trace of the orthogonalized uij tensor. 
x y z U(eq) 
Ir(1) 2005(1) 7302(1) 6277(1) 19(1) 
Fe(1) 5266(1) 9794(1) 7050(1) 21(1) 
Fe(2) -1156(1) 6453(1) 1058(1) 23(1) 
Cl(1) 1006(1) 8680(1) 6090(1) 38(1) 
N(3A) 2253(2) 7932(1) 3715(2) 21(1) 
N(4A) 4268(2) 7833(1) 5146(2) 20(1) 
C(1) 1418(3) 8501(2) 975(3) 34(1) 
C(2) 538(3) 8588(2) 1871(3) 30(1) 
C(3) 796(2) 7903(2) 2955(2) 24(1) 
C(4) 2924(2) 7693(1) 4982(2) 19(1) 
C(5) 5495(2) 7749(1) 6297(2) 22(1) 
C(6) 6700(2) 7571(2) 5795(3) 29(1) 
C(7) 6891(3) 8210(2) 4789(3) 34(1) 
C(7A) 5578(3) 8313(2) 3688(3) 27(1) 
C(8) 5355(3) 8558(2) 2403(3) 34(1) 
C(9A) 2879(3) 8444(2) 1804(2) 29(1) 
C(9) 4042(3) 8622(2) 1481(3) 35(1) 
C(9C) 4419(2) 8128(1) 3991(2) 22(1) 
C(9B) 3137(2) 8186(1) 3081(2) 22(1) 
C(10) 5723(2) 8500(1) 7237(2) 21(1) 
C(11) 4859(3) 8725(2) 7969(2) 25(1) 
C(12) 5515(3) 9364(2) 8900(2) 29(1) 
C(13) 6793(3) 9544(2) 8760(3) 29(1) 
C(14) 6928(2) 9009(2) 7740(2) 25(1) 
C(15) 3647(3) 10112(2) 5451(4) 41(1) 
C(16) 3690(3) 10642(2) 6532(4) 40(1) 
C(17) 4933(3) 11094(2) 6921(3) 33(1) 
C(18) 5666(3) 10840(2) 6077(3) 32(1) 
C(19) 4869(4) 10236(2) 5173(3) 35(1) 
C(20) 412(2) 6989(2) 2534(3) 26(1) 
C(21) 913(2) 6456(2) 1728(4) 36(1) 
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C(22) 385(3) 5599(2) 1748(5) 51(1) 
C(23) -425(4) 5616(2) 2562(4) 45(1) 
C(24) -413(3) 6465(2) 3047(3) 37(1) 
C(25) -1862(5) 7008(5) -737(4) 71(2) 
C(26) -2155(6) 6100(5) -798(5) 78(2) 
C(27) 
-2934(4) 5932(3) -38(7) 71(2) 
C(28) -3178(3) 6707(4) 494(5) 54(1) 
C(29) -2521(3) 7374(3) 69(4) 47(1) 
C(30) 636(4) 6864(2) 7304(5) 50(1) 
C(31) 1856(4) 7148(2) 8204(3) 43(1) 
C(32) 3015(7) 6613(4) 9055(4) 68(2) 
C(33) 3519(3) 5949(2) 8288(3) 40(1) 
C(34) 3228(2) 6189(2) 6863(2) 24(1) 
C(35) 1992(2) 5965(2) 5887(2) 24(1) 
C(36) 869(3) 5480(2) 6176(3) 38(1) 
C(37) 265(7) 5932(4) 7074(9) 101(3) 
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Table 3. Bond lengths [A] and angles [0] for costa2_0m. 
Ir(1)-C(4) 2.037(2) 
Ir( 1 )-C(35) 2.117(2) 
Ir(1 )-C(34) 2.121(2) 
Ir( 1 )-C(31) 2.159(3) 






















































































































C( 4)-Ir( 1 )-C(31) 154.19(13) 
C(35)-Ir(1)-C(31) 94.98(12) 
C(34)-Ir(1 )-C(31) 81.24(12) 
C(4)-Ir(1)-C(30) 167.91(16) 
C(35)-Ir(1)-C(30) 80.51(12) 

































































C(27)-Fe(2)-C(24 ) 125.8(2) 
C(23)-Fe(2)-C(24) 40.76(16) 


























































N (3A)-C( 4)-Ir( 1) 124.57(15) 
N(4A)-C(4)-Ir(1) 130.72(15) 













C(7 A)-C(7)-C(6) 109.5(2) 
C(7 A)-C(7)-H(7 A) 109.8 
C(6)-C(7)-H(7 A) 109.8 
C(7 A)-C(7)-H(7B) 109.8 
C(6)-C(7)-H(7B) 109.8 
H(7 A)-C(7)-H(7B) 108.2 
C(9C)-C(7 A)-C(8) 114.9(2) 
C(9C)-C(7 A)-C(7) 115.7(2) 
C(8)-C(7 A)-C(7) 129.4(2) 
C(7 A)-C(8)-C(9) 122.2(2) 








C(9B)-C(9C)-C(7 A) 122.6(2) 
C(9B)-C(9C)-N (4A) 106.99(18) 
C(7 A)-C(9C)-N (4A) 130.4(2) 
N(3A)-C(9B)-C(9A) 129.8(2) 

















































C( 16)-C(l7)-H(l7 A) 126.0 
C(18)-C(l7)-H(l7A) 126.0 
Fe( 1 )-C(l7)-H(17 A) 126.0 
C(19)-C(18)-C(17) 107.9(3) 











C(21 )-C(20)-C(24) 107.5(3) 






















C(24 )-C(23)-H(23A) 125.8 
Pe(2)-C(23)-H(23A) 125.8 
C(23)-C(24)-C(20) 108.6(3) 




















C(26)-C(27)-H(27 A) 125.9 
C(28)-C(27)-H(27 A) 125.9 














C(31 )-C(30)-C(37) 123.2(5) 
C(31)-C(30)-Ir(1) 69.92(17) 
C(37)-C(30)-Ir( 1) 113.1(3) 
C(31)-C(30)-H(30A) 114.3 
C(37)-C(30)-H(30A) 114.3 
Ir( 1 )-C(30)-H(30A) 114.3 
C(30)-C(31)-C(32) 128.4(4) 

















C(35)-C(34 )-C(33) 121.8(2) 
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C(35)-C(34)-lr(l) 70.24(13) 
C(3 3 )-C(34 )-Ir( 1) 113.87(19) 
C(35)-C(34)-H(34A) 114.5 
C(33 )-C(34 )-H(34A) 114.5 
Ir( 1 )-C(34)-H(34A) 114.5 













C(36)-C(37)-H(37 A) 108.6 
C(30)-C(37)-H(37 A) 108.6 
C(36)-C(37)-H(37B) 108.6 
C(30)-C(37)-H(37B) 108.6 
H(37 A)-C(37)-H(37B) 107.6 
Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic displacemerit parameters (A2x 103)for costa2_0m. The anisotropic 
displacement factor exponent takes the form: -2n2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
U11 U22 U33 U23 U13 U12 
lr(l) 18(1) 19(1) 20(1) 0(1) 7(1) -1(1) 
Fe(l) 23(1) 18(1) 23(1) 1(1) 9(1) -3(1) 
Fe(2) 17(1) 26(1) 22(1) 2(1) 3(1) 0(1) 
Cl(l) 41(1) 27(1) 47(1) -1(1) 16(1) 11(1) 
N(3A) 20(1) 22(1) 19(1) 2(1) 5(1) -2(1) 
N(4A) 19(1) 21(1) 19(1) -1(1) 6(1) -3(1) 
C(l) 43(1) 33(1) 21(1) 6(1) 4(1) -5(1) 
C(2) 32(1) 26(1) 28(1) 5(1) 2(1) 1(1) 
C(3) 22(1) 23(1) 24(1) 2(1) 3(1) 1(1) 
C(4) 20(1) 16(1) 20(1) 0(1) 5(1) -1(1) 
C(5) 19(1) 20(1) 23(1) -2(1) 4(1) -2(1) 
C(6) 21(1) 30(1) 36(1) -6(1) 8(1) 1(1) 
C(7) 25(1) 42(1) 39(1) -6(1) 15(1) -6(1) 
C(7A) 27(1) 27(1) 32(1) -4(1) 16(1) -7(1) 
C(8) 40(1) 35(1) 35(1) -2(1) 23(1) -8(1) 
C(9A) 39(1) 25(1) 22(1) 2(1) 10(1) -5(1) 
C(9) 49(2) 34(1) 27(1) 3(1) 19(1) -7(1) 
C(9C) 24(1) 20(1) 23(1) -1(1) 10(1) -4(1) 
C(9B) 26(1) 22(1) 20(1) 0(1) 7(1) -4(1) 
C(10) 22(1) 19(1) 22(1) 0(1) 5(1) -4(1) 
C(11) 32(1) 22(1) 22(1) 0(1) 11(1) -7(1) 
C(12) 40(1) 24(1) 22(1) -2(1) 10(1) -7(1) 
C(13) 33(1) 23(1) 27(1) -3(1) 4(1) -7(1) 
C(14) 22(1) 22(1) 27(1) -1(1) 2(1) -4(1) 
C(15) 36(1) 36(1) 39(1) 12(1) -3(1) -5(1) 
C(16) 32(1) 42(2) 52(2) 17(1) 21(1) 12(1) 
C(17) 48(2) 22(1) 33(1) 2(1) 16(1) 4(1) 
C(18) 39(1) 23(1) 38(1) 7(1) 18(1) -1(1) 
C(19) 55(2) 26(1) 26(1) 5(1) 15(1) 4(1) 
C(20) 20(1) 23(1) 29(1) 6(1) -1(1) -3(1) 
C(21) 19(1) 27(1) 62(2) -7(1) 11(1) 0(1) 
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C(22) 27(1) 23(1) 84(3) -5(1) -7(1) 4(1) 
C(23) 42(2) 32(1) 47(2) 16(1) -4(1) -12(1) 
C(24) 39(1) 40(1) 27(1) 10(1) 1(1) -14(1) 
C(25) 54(2) 124(5) 29(1) 32(2) 6(2) 13(2) 
C(26) 73(3) 94(4) 43(2) -30(3) -15(2) 28(3) 
C(27) 33(2) 47(2) 101(4) 1(2) -23(2) -11(1) 
C(28) 22(1) 78(3) 59(2) 15(2) 8(1) 8(1) 
C(29) 37(1) 38(2) 47(2) 5(2) -11(1) 8(1) 
C(30) 51(2) 40(2) 79(3) -4(2) 52(2) -6(1) 
C(31) 60(2) 46(2) 37(1) 8(1) 34(1) 10(1) 
C(32) 101(4) 76(3) 30(2) 15(2) 27(2) 22(3) 
C(33) 39(1) 46(2) 26(1) 4(1) 0(1) 6(1) 
C(34) 24(1) 21(1) 28(1) 2(1) 7(1) 0(1) 
C(35) 29(1) 22(1) 22(1) 1(1) 7(1) -5(1) 
C(36) 40(1) 33(1) 38(1) 4(1) 11(1) -16(1) 
C(37) 103(4) 57(3) 197(8) -33(4) 124(6) -40(3) 
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 103) 
for costa2 _Om. 
x y z 
H(1A) 1154 7977 429 
H(lB) 1277 9007 389 
H(2A) 696 9165 2284 
H(2B) 
-424 8558 1322 
H(3A) 286 8079 3549 
H(5A) 5377 7223 6781 
H(6A) 7540 7564 6556 
H(6B) 6584 6988 5404 
H(7A) 7187 8775 5210 
H(7B) 7597 7995 4444 
H(8A) 6110 8687 2134 
H(9A) 3945 8791 613 
H(l1A) 3943 8479 7841 
H(12A) 5140 9642 9540 
H(13A) 7474 9968 9284 
H(14A) 7720 8998 7419 
H(15A) 2891 9719 4972 
H(16A) 2968 10689 6944 
H(17A) 5242 11516 7655 
H(18A) 6581 11051 6120 
H(19A) 5126 9942 4467 
H(21A) 1513 6643 1226 
H(22A) 563 5085 1272 
H(23A) -924 5114 2761 
H(24A) -910 6664 3640 
H(25A) -1318 7320 -1202 
H(26A) -1839 5664 -1313 
H(27A) -3287 5354 100 
H(28A) -3720 6775 1094 


































-147 7256 7210 59 
H(31A) 1761 7711 8616 52 
H(32A) 2722 6312 9721 81 
H(32B) 3770 7001 9516 81 
H(33A) 4506 5878 8705 47 
H(33B) 3089 5387 8334 47 
H(34A) 4035 6174 6564 29 
H(35A) 2086 5823 5021 29 
H(36A) 143 5365 5341 45 
H(36B) 1225 4916 6566 45 
H(37A) 554 5629 7925 121 
H(37B) -730 5886 6706 121 
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C(4 )-N (3A)-C(3)-C(2) 
C(9B)-N (3A)-C(3)-C(2) 
C( 1 )-C(2)-C(3)-N (3A) 































































C(9C)-C(7 A)-C(8)-C(9) 0.6(4) 




C( 1 )-C(9 A)-C(9)-C(8) 178.0(3) 
C(7 A)-C(8)-C(9)-C(9A) 0.2(5) 
C(8)-C(7 A)-C(9C)-C(9B) -0.2(4) 
C(7)-C(7 A)-C(9C)-C(9B) -179.6(2) 
C(8)-C(7 A)-C(9C)-N( 4A) 177.0(2) 
C(7)-C(7 A)-C(9C)-N( 4A) -2.4(4) 
C(4)-N(4A)-C(9C)-C(9B) 0.9(2) 
C(5)-N (4A)-C(9C)-C(9B) -177.52(18) 
C( 4 )-N (4A)-C(9C)-C(7 A) -176.7(2) 
C(5)-N(4A)-C(9C)-C(7A) 5.0(4) 
C(4)-N(3A)-C(9B)-C(9A) 177.7(2) 







C(7 A)-C(9C)-C(9B)-N (3A) 178.2(2) 
N(4A)-C(9C)-C(9B)-N(3A) 0.4(2) 
C(7 A)-C(9C)-C(9B)-C(9A) -1.1(4) 
N (4A)-C(9C)-C(9B)-C(9A) -178.9(2) 
N(4A)-C(5)-C(10)-C(1l) 65.0(3) 





































C( 14)-C(1O)-C(11)-C(12) 0.3(3) 
C( 5)-C( lO)-C( 11 )-C( 12) 170.0(2) 








C(14)-Fe( 1)-C(11)-C(12) 81.46(17) 
C(19)-Fe(1)-C(11)-C(12) -174.0(2) 
C(10)-Fe(1)-C(11)-C(12) 119.8(2) 









C( 19)-Fe(1)-C(11)-C(1O) 66.2(2) 
C( 1O)-C(11)-C(12)-C( 13) 
-0.1(3) 
Fe(1)-C(11)-C(12)-C(13) -59.35(18) 
C( 1O)-C(11)-C(12)-Fe(l) 59.30(17) 






C( 19)-Fe( 1)-C(12)-C(11) 73.2(15) 
















































































C( 19)-Fe( 1)-C(16)-C(17) -81.4(2) 
C(1O)-Fe(1)-C(16)-C(17) 179.06(18) 








C( 15)-C( 16)-C( 17)-C( 18) -0.2(3) 
Fe(1)-C(16)-C(17)-C(18) 59.6(2) 
C(15)-C(16)-C(17)-Fe(1) -59.8(2) 
C( 12)-Fe(1)-C(17)-C(16) -94.1(2) 
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C( 12 )-Fe( 1 )-C( 18)-C(17) -54.7(3) 
C(15)-Fe(l)-C(18)-C(17) 81.6(2) 
C(11)-Fe(1)-C(18)-C(17) 145(4) 







C( 17)-C(18)-C(19)-Fe(l) -59.2(2) 





















C(2)-C(3)-C(20)-C(21 ) 60.6(3) 
N (3A)-C(3)-C(20)-C(24) 110.0(3) 
C(2)-C(3)-C(20)-C(24) -128.4(3) 











































C(26)-Fe(2)-C(21 )-C(20) 160.0(3) 
C(27)-Fe(2)-C(21)-C(20) 
-163.3(4) 







C(28)-Fe(2)-C(21 )-C(20) 37.8(9) 
C(29)-Fe(2)-C(21 )-C(20) 74.2(3) 
C(26)-Fe(2)-C(21)-C(22) 
-80.7(4) 
























C(21)-Fe(2)-C(22 )-C(23) 118.9(3) 
C(20)-Fe(2)-C(22)-C(23) 81.5(2) 
C(29)-Fe(2)-C(22)-C(23) 176.1(7) 
C(26)-Fe(2)-C(22)-C(21 ) 116.9(3) 































C(22)-C(23)-C(24 )-C(20) 0.0(4) 
Fe(2)-C(23)-C(24)-C(20) -59.52(19) 
C(22)-C(23)-C(24)-Fe(2) 59.5(2) 
C(21)-C(20)-C(24 )-C(23) 0.0(3) 
C(3)-C(20)-C(24 )-C(23) -172.6(2) 
Fe(2)-C(20)-C(24 )-C(23) 58.9(2) 
C(21)-C(20)-C(24 )-Fe(2) -58.9(2) 
C(3)-C(20)-C(24)-Fe(2) 128.6(2) 





C(28)-Fe(2)-C(24 )-C(23) 109.6(3) 
C(21)-Fe(2)-C(24)-C(23) -82.2(2) 
C(20)-Fe(2)-C(24)-C(23) -119.8(3) 






C(28)-Fe(2 )-C(24 )-C(20) -130.6(2) 
C(21)-Fe(2)-C(24)-C(20) 37.59(17) 

































































































C(21 )-Fe(2)-C(29)-C(28) -169.3(3) 
C(20)-Fe(2)-C(29)-C(28) -127.0(3) 
C(4)-lr(1)-C(30)-C(31) -168.2(4) 
C(35)-Ir( 1 )-C(30)-C(31) 111.2(2) 
C(34)-Ir( 1 )-C(30)-C(31) 73.4(2) 
Cl(l)-Ir(l)-C(30)-C(31) -92.8(2) 




Cl( 1)-Ir( 1 )-C(30)-C(37) 148.6(5) 
C(37)-C(30)-C(31)-C(32) 2.2(6) 
Ir( 1 )-C(30)-C(31 )-C(32) -102.9(4) 
C(3 7)-C(30)-C(31)-Ir( 1) 105.1(4) 
C(4)-lr(l)-C(31)-C(30) 174.4(2) 
C(35)-Ir( 1 )-C(31 )-C(30) -67.4(2) 
C(34)-Ir(l )-C(31 )-C(30) -104.2(2) 
Cl(l)-lr(l)-C(31)-C(30) 87.0(2) 
C( 4)-Ir(1 )-C(31 )-C(32) -60.4(5) 
C(35)-Ir(l )-C(31 )-C(32) 57.9(4) 
C(34)-Ir(l )-C(31 )-C(32) 21.0(4) 
C(30)-Ir(l )-C(31 )-C(32) 125.2(5) 
Cl(l)-Ir(l)-C(31)-C(32) -147.7(4) 
C(30)-C(31 )-C(32)-C(33) 52.9(6) 





C( 4)-Ir( 1 )-C(34 )-C(35) 
C(31)-Ir(1)-C(34)-C(35) 
C(30)-Ir( 1 )-C(34 )-C(35) 
Cl( 1)-Ir( 1 )-C(34 )-C(35) 
C(4)-Ir(1)-C(34)-C(33) 
C(35)-Ir( 1)-C(34)-C(33) 
C(31)-Ir( 1 )-C(34 )-C(33) 









C( 4)-Ir( 1 )-C(35)-C(36) 
C(34)-Ir(1)-C(35)-C(36) 
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